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ABSTRACT 
Stanniocalcin-1 (STC-1) is a 56 kD homodimeric protein which was originally identified in 
bony fish, where it regulates calcium/phosphate homeostasis and protects against toxic 
hypercalcemia. STC-1 was considered unique to fish until the cloning of cDNA for human 
STC-1 in 1995 and mouse Stc-1 in 1996. STC-1 is conserved through evolution with human 
and salmon STC-1 sharing 60% identity and 80% similarity. The surprisingly high homology 
between mammalian and fish STC-1 and the protective actions of STC-1 in terminally 
differentiated neurons, originally reported by my colleagues, prompted me to further study the 
role of STC-1 in cell stress and differentiation. 
One purpose was to determine whether there is an inter-relationship between terminally 
differentiated cells and STC-1 expression. The study revealed an accumulation of STC-1 in 
mature megakaryocytes and adipocytes, i.e. postmitotic cells with limited or lost proliferative 
capacity. Still proliferating uninduced cells were negative for STC-1 mRNA and protein, 
whereas differentiating cells accumulated STC-1 in their cytoplasm. Interestingly, in 
liposarcomas the grade inversely correlated with STC-1 expression.  
Another aim was to study how STC-1 gene expression is regulated. Given that IL-6 is a 
cytokine with neuroprotective actions, by unknown mechanisms, we examined whether IL-6 
regulates STC-1 gene expression. Treatment of human neural Paju cells with IL-6 induced a 
dose-dependent upregulation of STC-1 mRNA levels. This induction of STC-1 expression by 
IL-6 occurred mainly through the MAPK signaling pathway. 
Furthermore, I studied the role of IL-6−mediated STC-1 expression as a mechanism of 
cytoprotection conferred by hypoxic preconditioning (HOPC) in brain and heart. My findings 
show that Stc-1 was upregulated in brain after hypoxia treatment. In the brain of IL-6 
deficient mice, however, no upregulation of Stc-1 expression was evident. After induced brain 
injury the STC-1 response in brains of IL-6 transgenic mice, with IL-6 overexpression in 
astroglial cells, was stronger than in brains of WT mice. These results indicate that IL-
6−mediated expression of STC-1 is one molecular mechanism of HOPC-induced tolerance to 
brain ischemia. 
The protection conferred by HOPC in heart occurs during a bimodal time course comprising 
early and delayed preconditioning. Interestingly, my results show that the expression of Stc-1
in heart was upregulated in a biphasic manner during HOPC. IL-6 deficient mice did not, 
however, show a similar biphasic manner of Stc-1 upregulation as did WT mice. Instead, only 
an early upregulation of Stc-1 expression was evident. The results suggest that the 
upregulation of Stc-1 during the delayed preconditioning is IL-6−dependent. The upregulated 
expression of Stc-1 during the early preconditioning, however, is only partly IL-6−dependent 
and possibly also directly mediated by HIF-1.  
These findings suggest that STC-1 is a pro-survival protein for terminally differentiated cells 
and that STC-1 expression may in fact be regulated by stress. In addition, I show that STC-1 
gene upregulation, mediated in part by IL-6, is a new mechanism of protection conferred by 
HOPC in brain and heart.  
Because of its importance for fundamental biological processes, such as differentiation and 
cytoprotection, STC-1 may have therapeutic implications for management of stroke, 
neurodegenerative diseases, cancer, and obesity.  
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ABBREVIATIONS AND CHEMICAL FORMULAS
AEC 3-amino-9-ethylcarbazole 
ALS Amyotrophic lateral sclerosis 
Arg Arginine 
Asn Asparagine 
BCL-2 B-cell lymphoma 2 
BRCA1 Breast cancer 1 
C/EBPs CCAAT-enhancer-binding proteins 
Ca2+ Calcium (divalent ion) 
CDK Cyclin-dependent kinase 
CLC Cardiotrophin-like cytokine 
CNTF Ciliary neurotrophic factor 
Co2+ Cobalt (divalent ion) 
CoCl2 Cobalt chloride 
COOH Carboxyl 
CREB cAMP respone element-binding 
CS Corpuscles of Stannius 
CT-1 Cardiotrophin 1 
Cu2+ Copper (divalent ion) 
Cys Cysteine 
DAB 3,3'-diamino-benzidin-tetrahydrochlorid 
DD-RT-PCR Differential display reverse transcription-polymerase chain reaction 
DFO Desferrioxamine 
DRPLA Dentatorubro-pallidoluysian atrophy 
EGR-1 Early growth factor response 1 
EST Expressed sequence tag 
FITC Fluorescein isothiocyanate 
G3PDH Glyceraldehyde-3-phosphate dehydrogenase 
GFAP Glial fibrillary acidic protein 
HD Huntington´s disease 
HGF Hepatocyte growth factor 
HIF-1 Hypoxia inducible factor 1 
HOPC Hypoxic preconditioning 
HRE Hypoxia responsive elements 
HrSTC-1 Human recombinant STC-1 
HSP70 Heat shock protein 70 
JAK Janus-activated kinase 
IL-6 Interleukin 6 
Il-6-/- Il-6 deficient mouse, Il-6 knockout 
IL-6Rα Interleukin 6 receptor alpha 
IPC Ischemic preconditioning 
LIF Leukemia inhibitory factor 
MAP Mitogen-activated protein 
MAPK Mitogen-activated protein kinase 
MCAO Middle cerebral artery occlusion 
MD Myotonic dystrophy 
MEK MAP (mitogen-activated protein) kinase kinase 
mitoKATP mitochondrial ATP-sensitive K+-channel 
MLC Myosin light chain 
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MT-1 Metallothionein 1 
MTF-1 metal-response transcription factor 1 
NAIP Neuronal apoptosis inhibiting protein 
NF-IL6 Nuclear factor for IL-6 
NFκB Nuclear factor-kappa B 
Ni2+ Nickel (divalent ion) 
NMDA N-methyl-D-aspartate 
NO Nitric oxide 
OSM Oncostatin M 
p300/CBP p300/CREB binding protein 
Pi Inorganic phosphate 
PI3K Phosphoinositide 3-kinase 
PiT-1 Sodium-dependent phosphate transporter 1 
PMA Phorbol 12-myristate 13-acetate 
PPARγ Peroxisome proliferator-activated receptor gamma 
ROS Reactive oxygen species 
SBMA Spinobulbar muscular atrophy 
SCA Spinocerebellar ataxia 
Ser Serine 
sgp130 Soluble form of gp130 
sIL-6Rα Soluble interleukin 6 receptor alpha 
STAT Signal transducer and activator of transcription (acute-phase response 
factor) 
STC-1 Stanniocalcin-1 
Stc-1-/- Stanniocalcin-1 deficient mouse, Stanniocalcin-1 knockout 
STC-2 Stanniocalcin-2 
STCrP STC-related protein 
Thr Threonine 
TICs Thecal-interstitial cells 
TNF-α Tumor necrosis factor alpha 
UTR Untranslated region 
VEGF Vascular endothelial growth factor 
Zn2+ Zinc (divalent ion) 
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INTRODUCTION 
The cells of an adult multicellular organism can be divided into three broad classes of 
cell types in terms of proliferative capacity: labile cells, stable cells, and permanent 
cells. Permanent cells normally only divide in embryonic and fetal life. They are 
terminally differentiated and have irreversibly lost their ability to divide, i.e. they are 
not replaced when lost. This group includes cells that are designed to survive for 100 
years, such as cardiac muscle cells, photoreceptors in the retina, and neurons. 
Terminally differentiated cells do not give rise to neoplasms. In other words, cell 
proliferation appears to be incompatible with the expression of a terminally 
differentiated program of gene expression. Thus, irreversible arrest of cell division 
and expression of the terminally differentiated phenotype are interdependent. 
Terminal differentiation is essential for several fundamental biological processes 
including myotube formation, neural differentiation, bone formation, angiogenesis, 
and wound repair. Dedifferentiation and uncontrolled proliferation, however, are 
distinctive for cancer. 
Postmitotic cells are especially prone to endo- and exogenic stress. During cell 
damage, i.e. hypoxia, they need to protect themselves against increasing intracellular 
Ca2+ concentration, i.e. hypercalcemia. Instead of renewing themselves, terminally 
differentiated cells survive with the help of proteins that are turned on during stress 
and act as survival factors. These factors are crucial for the maintenance of the 
integrity of especially postmitotic terminally differentiated cells.  
Since terminal differentiation is obligatory for biological events such as those listed 
above, it is important to identify proteins responsible for the maintenance and 
protection of the terminally differentiated phenotype, in particular during stress. This 
study adds stanniocalcin-1 to the list of proteins essential for the survival of 
terminally differentiated cells and for the protection of these cells under stressful 
conditions. 
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REVIEW OF LITERATURE 
1. STANNIOCALCIN
1.1 Fish STC 
In 1839, at the University of Rostock in Germany, Professor H. Stannius (Figure 1) 
discovered paired glands adjacent to the fish kidney that he believed to be the 
adrenals (Stannius, 1839). These glands, named the Corpuscles of Stannius (CS) by 
Ecker in 1898 (Vincent, 1898), secrete a calcitonin-like hormone (Fontaine, 1964) 
that was later purified and namned Stanniocalcin (STC) after the CS (Lafeber et al, 
1986). The CS was not, however, the equivalent of the adrenals, but an organ specific 
for fish located ventrally on the surface of the kidney or scattered throughout the 
kidney proper. STC had a calcitonin-like effect (inhibiting) on whole body calcium 
(Ca2+). Removal of the CS produced hypercalcemia (Ishibashi & Imai, 2002). The 
main target organs for the anti-hypercalcemic effect of fish STC are the gills (Wagner 
et al, 1988) and gut (Sundell et al, 1992, Takagi et al, 1985). Not only does STC 
lower the Ca2+ intake, but it also stimulates the uptake (resorption) of inorganic 
phosphate (Pi) by the proximal tubule epithelium in the fish kidney (Lu et al, 1994). 
Figure 1. The Corpuscles of Stannius are named after Professor H. Stannius, who 
discovered them in 1839. 
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The expression of fish STC was considered exclusive to the CS until stc mRNA was 
detected in piscine ovary, testis, and kidney (McCudden et al, 2001). The level of 
STC in these organs is however about 100-fold lower than in the CS, possibly 
explaining the late discovery of these expression sites. It is still unclear whether STC 
is systemically secreted (into the circulation) as an endocrine hormone, as from the 
CS, or whether it acts more locally in the ovary, testes, and kidney.  
1.2 Mammalian STC-1 
Since the Ca2+ concentration of the surrounding water is higher than that in cells, Ca2+
will enter the body by diffusion and the regulation of Ca2+ intake at the gills and 
intestine becomes of great importance in both seawater and freshwater fish. 
Mammalians do not run the risk of becoming spontaneously hypercalcemic like fish 
since their plasma Ca2+ concentrations increase only transiently after the ingestion of 
food containing Ca2+. In response to such temporary hypercalcemia, calcitonin is 
secreted to facilitate Ca2+ transfer to bone and to normalize the concentration level of 
Ca2+ in plasma. Therefore, the need of an additional anti-hypercalcemic protein in 
mammalians was not obvious. In addition, since the CS have no counterpart in 
mammalians, STC was considered unique to holostean and teleostean fish. However, 
reports showing that fish STC injected into frogs, birds, and rats induced 
hypocalcemia suggested the presence of a functional STC receptor in other 
vertebrates (Madsen et al, 1998, Milet et al, 1984, Srivastav & Swarup, 1982). Later, 
a report showed that human kidney cells cross-reacted with salmon anti-STC 
antibodies (Wagner et al, 1995). It was not until 1995, however, when two 
laboratories (Chang et al, 1995, Olsen et al, 1996) independently cloned the cDNA for 
the human ortholog of fish stc. Because of its high degree of homology to fish stc, this 
human ortholog was also named STC. One year later also the mouse Stc cDNA was 
cloned (Chang et al, 1996) showing a high level of similarity to its human homolog.  
When a second member of the gene family, STC-2, was identified in 1998 by 
screening for STC homologs in an expressed sequence tag (EST) database (Chang et 
al, 1998, DiMattia et al, 1998, Ishibashi et al, 1998, Moore et al, 1999), STC was 
renamed STC-1.  
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1.3 STC-2 
Stanniocalcin-2, (STC-2), was initially identified as a stanniocalcin by virtue of its 
approximately 34% similarity to STC-1 (Chang & Reddel, 1998). The degree of 
sequence homology supports the fact that these two proteins have evolved from a 
common ancestor gene.  
As for STC-1, little is known about the function(s) of STC-2, previously also called 
STC-related protein (STCrP) (DiMattia et al, 1998). It is tempting to assume that the 
function(s) of the two proteins overlap because of the similarity in amino acid 
sequence. There are, however, differences between these two proteins. Not only are 
there distinct differences in the carboxy terminus (COOH) of the amino acid 
sequences between STC-1 and STC-2, but the expression patterns of the two genes 
differ (Chang & Reddel, 1998, Chang et al, 2003, Ishibashi et al, 1998, Varghese et 
al, 1998), as well. Moreover, there are data showing that STC-2 inhibits phosphate 
uptake in a kidney cell line (Ishibashi et al, 1998) and that STC-2 is unable to displace 
STC-1 from its putative receptor (Luo et al, 2004, McCudden et al, 2002), suggesting 
opposite roles of STC-2 and STC-1. 
1.4 The genes 
1.4.1 Fish stc-1  
The fish stc-1 gene, isolated from the sockeye salmon (McCudden et al, 2001), is 
about 4 kb long and contains five exons. Exon 2 is highly conserved between fish and 
mammalians. Exon 3 in mammalians corresponds to exon 3-4 in fish, apparently 
resulting from a fusion of the fish exons 3 and 4 (Figure 2) (Chang et al, 2003). 
1.4.2 Mammalian STC-1 
The human STC-1 gene is located on the short arm of chromosome 8, 8p11.2-p21. 
The mouse Stc-1 gene is located on chromosome 14 D1. Both genes span about 13 kb 
with 83.5% nucleotide sequence identity in the coding region (cDNA). Additionally, 
there is high sequence conservation between humans and mice in the approximately 3 
kb 3'-untranslated region (3'UTR). This high degree of homology in the 3'UTR region 
may indicate conservation of elements required for the stabilization of the mRNA 
(Varghese et al, 1998). The human STC-1 5'UTR region contains 4 short interrupted 
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blocks, each consisting of three to six CAG trinucleotide repeats, separated by 6-15 
nucleotides (Chang et al, 1998). In addition, the 3'UTR consists of one block of six 
CAG repeats. Interestingly, CAG and other trinucleotide repeats (CGG and GAA) are 
associated with genes linked to at least seven inherited diseases, such as fragile X 
syndrome, myotonic dystrophy (MD), spinobulbar muscular atrophy (SBMA), 
spinocerebellar ataxia (SCA), dentatorubro-pallidoluysian atrophy (DRPLA), 
Friedreich´s ataxia, and Huntington´s disease (HD) (Sutherland & Richards, 1995, 
Warren, 1996). The significance of the CAG repeats in the human STC-1 5'UTR is, 
however, still unknown.  
The human STC-1 gene is organized into 4 exons sized 402 bp, 143 bp, 212 bp, and 
3125 bp and into 3 introns sized 1.9 kb, 0.68 kb, and 6.1 kb. By comparison, the 4 
exons in the mouse gene are 253 bp, 143 bp, 212 bp, and 3190 bp, and the introns are 
1.83 kb, 0.6 kb, and 6.35 kb respectively (Figure 2). The exon-intron boundaries are 
identical in humans and mice. 
The transcription initiation site is located 284 bp upstream of the translation start site 
(ATG) and a putative TATA box is located 32 bp upstream of the transcription start 
site (Chang et al, 1998). 
1.4.3 Fish stc-2 
As only stc was known in fish, finding a second gene for stanniocalcin in 
mammalians was surprising. Later, however, analyses of marine salmon and white 
suckers showed that a second stc also exists in fish (Marra et al, 1998, Wagner et al, 
1998). Additionally, analysis of the well-studied genomes of pufferfish 
(www.fugubase.com) (Chang et al, 2003), Danio rerio (zebrafish) (Luo et al, 2004), 
and Tetraodon nigroviridis (http://hinvdb.ddbj.nig.ac.jp/) indicates that they contain 
an stc-2 gene. These findings suggest that mammalian STC-1 and STC-2 derive from 
corresponding fish homologs. 
1.4.4 Mammalian STC-2 
The human STC-2 gene is located on the long arm of chromosome 5, 5q33 or 5q35.2 
(Moore et al, 1999, White et al, 1998). Like STC-1, it contains 4 exons (Ishibashi et 
al, 1998) (Figure 2), with the exon-intron boundaries conserved between STC-1 and 
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STC-2. This indicates that STC-1 and STC-2 derive from a common ancestral gene. 
The mouse Stc-2 gene is located on chromosome 11 A4. 
Figure 2. Genomic structure of fish stc-1, human STC-1, and STC-2. Exons are 
represented by boxes, introns by the intervening lines between exons, protein coding 
by shading, and UTRs by the open portion of the boxes. The sizes of exons and 
introns are shown in kilobases (kb). The number of amino acid residues (aa) is shown 
for each exon. Modified from (Chang et al, 2003).  
1.5 The proteins 
STC-1 is a 56 kD homodimeric glycoprotein. The STC-1 cDNA of both human and 
mouse encode a 247 amino acid protein with only nine amino acid substitutions 
(Chang et al, 1996, Chang et al, 2003). The 204 first amino acids show 92% sequence 
similarity to salmon STC, with 118 identical residues (Chang et al, 2003). The last 43 
residues at the C-terminus are, however, divergent, so that the whole human STC-1 
shows approximately 55% identity with the 256 amino acid fish STC-1 (Ishibashi & 
Imai, 2002). The fact that the C-terminal region of human and mouse STC-1 differ 
from that of fish, suggests that the biological activity resides in the core and N-
terminal domains (Gerritsen & Wagner, 2005).  
Interestingly, the ovaries produce a number of high molecular weight STC variants, 
collectively referred to as big STC. Unlike the conventional 56 kD form of STC-1, or 
STC50, big STC comprises at least three proteins of 84, 112, and 135 kD (Paciga et 
al, 2002).  
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The human STC-2 cDNA encodes a 302 amino acid protein (55 amino acids larger 
than human STC-1) that shows 34% identity to both human STC-1 and eel STC-1, 
with the N-terminal residues 24-101 being the most identical (50% identity and 73% 
amino acid homology). The amino acid sequence downstream of position 101 shows, 
however, less identity (23%) to human STC-1 with its 45 amino acids larger histidine 
rich COOH-terminal region (Moore et al, 1999). This cluster of histidines may 
interact with divalent metal ions such as Zn2+, Co2+, Ni2+, and Cu2+ (Ishibashi & Imai, 
2002). In fact, this histidine cluster was used to purify STC-2 on a Ni2+ column 
(Moore et al, 1999). Despite their differences, both genes have identical exon-intron 
junctions (Ishibashi et al, 1998), suggesting that they were produced by gene 
duplication. In conclusion, as the level of similarity is greater between human STC-1 
and eel STC-1 (53%), human STC-1 is more closely related to fish STC-1 than to 
human STC-2 (Figure 3) (Chang et al, 2003).  
STCs have been considered to be glycosylated proteins that are secreted from the cell. 
They contain a conserved N-linked glycosylation site, Asn-X-Thr/Ser (N-X-T/S), 
around the residues 62-72 (Figure 3) (Chang et al, 2003). In addition, there is a signal 
peptide sequence of about 24 amino acids and a pro-sequence of about 15 amino acids 
in the N-terminus; these are further processed to yield the mature proteins (Moore et 
al, 1999). Furthermore, the STCs contain 11 conserved cysteine (Cys) residues. Ten 
cysteines participate in five intrachain disulfide bonds and the unpaired Cys at 
position 170 in mammalians (169 in fish) allows for a single disulfide linkage and for 
the homodimerization of the native protein (Chang et al, 2003, Gagliardi et al, 2005, 
Lafeber & Perry, 1988). More primitive fish such as the arawana and several other 
osteoglossiform species, however, express the monomeric form of the protein, with 
the Cys169 replaced by an arginine (Arg) (Figure 3) (Amemiya et al, 2002). 
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Figure 3. Amino acid sequence of Arawana STC-1 compared with STC-1 from 
Australian eel, Coho salmon, Chum salmon, mouse STC-1 (mouse 1), human STC-1 
(human 1), mouse STC-2 (mouse 2), and human STC-2 (human 2). The sequence 
starts from position 34 of the human STC-1 protein sequence. Gaps (asterisks) are 
introduced to maximize the sequence identity. Dashes indicate amino acids identical 
to those of Arawana STC-1. A common glycosylation site (NST) at positions 62-64 is 
boxed. The positions of cysteine residues (C) are marked by boxes and the five 
common disulfide linkages are indicated. The site of inter-monomeric linkage is 
designated (dimer), but in Arawana the cysteine (C) is replaced by an arginine (R). 
Modified from (Amemiya et al, 2002).
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1.6 Distribution and possible function 
Whereas fish stc-1 encodes for a 2 kb transcript, the mammalian STC-1 is expressed 
as a predominant 4 kb transcript and an additional faint 2 kb transcript with the 
highest expression of STC-1 in the kidney, ovary, prostate, brain, bone, and thyroid 
gland (Varghese et al, 1998). The wide distribution of STC-1 in mammalians suggests 
that STC-1 has evolved into a local mediator of cell function rather than acting as an 
endocrine hormone. The fact that, in contrast to fish, circulating STC-1 is usually not 
detected in mammals, except for during pregnancy and lactation (Deol et al, 2000), 
supports this concept. 
The physiological roles of mammalian STC-1 and STC-2 are only beginning to be 
elucidated. It is, nevertheless, clear that the role of STC-1 as an anti-hypercalcemic 
factor is somewhat conserved from fish to mammalians. Infusion of human 
recombinant STC-1 (hrSTC-1) to fish inhibits the transport of calcium through the 
gills (Olsen et al, 1996) and injection of hrSTC-1 into rats reduces renal phosphate 
excretion (Wagner et al, 1997). These findings suggest that mammalian STC-1, like 
its piscine counterpart, is a regulator of mineral homeostasis. Furthermore, hrSTC-1 
decreases intestinal calcium uptake and simultaneously increases phosphate 
reabsorption in both swine and rat (Madsen et al, 1998). Transgenic mice 
overexpressing human STC-1 under the metallothionein-1 (MT-1) promoter show 
significantly higher serum phosphate levels (Varghese et al, 2002). Published data 
also suggest a role for STC-1 in the control of intracellular Ca2+ in rat cardiomyocytes 
(Sheikh-Hamad et al, 2003) and neurons (Zhang et al, 2000).  
In contrast to fish, in which STC-1 is largely regulated by circulating Ca2+ levels, 
mammalian STC-1 appears to be regulated by additional factors that may or may not 
be directly linked to intracellular calcium/phosphate pathways, e.g. hypoxia (Lal et al, 
2001, Yeung et al, 2005), vascular endothelial growth factor (VEGF) (Kahn et al, 
2000, Wary et al, 2003), differentiation (Zhang et al, 1998), and D3 vitamin (Honda et 
al, 1999). Therefore, it seems reasonable to assume that the role(s) of mammalian 
STC-1 is not restricted to the anti-hypercalcemic effects attributed to fish STC-1.  
Disparities between Stc-1 mRNA expression and protein distribution in several tissues 
suggest a paracrine/autocrine role for STC-1. This sort of cell-cell signaling is evident 
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in nephrons, where collecting duct cells produce STC-1 for targeting to upstream 
segments in the distal convoluted tubules (McCudden et al, 2002, Wong et al, 1998). 
During mouse urogenital development, a mesenchyme-epithelial signaling pathway is 
evident, where Stc-1 mRNA is produced in the mesenchymal cells and the protein is 
sequestered by the adjacent epithelial cells (Stasko & Wagner, 2001). A similar 
mRNA-protein disparity was reported in the adult mouse ovary (Deol et al, 2000, 
Xiao et al, 2006). This discordant patterns of mRNA and protein distribution led to 
the formation of a sequestering hypothesis, whereby STC-1 appeared to be 
synthesized and released by one cell type and sequestered by its target cell (Wong et 
al, 1998). 
A recent report demonstrates that Stc-1 knockout mice (Stc-1-/-) are normal at least as 
far as growth and reproduction are concerned (Chang et al, 2005). This is surprising, 
as one would assume that STC-1 plays a crucial role in many physiological processes, 
since it is such a widely expressed protein in mammalians and highly conserved from 
fish to man. One explanation is that the expression of the Stc-2 gene might 
compensate for the loss of Stc-1 function. No compensatory overexpression of STC-2 
was, however, observed (Chang et al, 2005). To completely rule out this possibility, it 
will be necessary to generate mice with deletion of both Stc-1 and Stc-2 (double 
knockout). Another explanation would be that STC-1 is required only under stressful 
conditions.  
1.7 Regulation of STC-1 expression 
Consistent with its function as an anti-hypercalcemic hormone, fish STC-1 is induced 
by an increase in plasma Ca2+ levels (Aida et al, 1980, Hanssen et al, 1989, Hanssen 
et al, 1991, Lafeber & Perry, 1988, Lopez et al, 1984). Radman et al. (Radman et al, 
2002) reported that a Ca2+ ion-sensing receptor mediates this induction. Furthermore, 
immortalized human fibroblasts show an almost 10-fold increase in STC-1 mRNA 
levels by a 2.5-fold increase in medium Ca2+ concentration (Chang et al, 1995). 
Similarly, cultivation of neural cells in high Ca2+ (5.4 mM) induced STC-1 
accumulation (Zhang et al, 2000).  
Estradiol increases fish STC-1 and carbachol stimulates the production and release of 
STC-1 (Bonga, 1991). Treatment of female rats with calcitriol, the active metabolite 
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of vitamin D3, induces a more than 3-fold Stc-1 mRNA expression in kidney (Honda 
et al, 1999). Similarly, treatment with vitamin D3 caused enhanced STC-1 expression 
in the apical membrane of distal nephron segments (Ookata et al, 2001). This increase 
may, however, be indirect, since vitamin D3 induces hypercalcemia which in turn 
induces STC-1 expression (Srivastav et al, 1998, Srivastav et al, 1985). The 
regulation of STC-1 appears to be tissue-specific, since calcitriol caused an increase 
in STC-1 expression in the kidney, but not in the ovary (Honda et al, 1999). 
Hypertonicity induces STC-1 expression in canine kidney (Sheikh-Hamad et al, 2000) 
and another study showed that dehydration stimulates STC-1 expression in rat kidney 
(Ishibashi & Imai, 2002). This effect of osmolarity on STC-1 expression needs not to 
be a kidney-specific phenomenon, since removal of the CS (stanniectomy) decreased 
plasma osmolarity (Bonga, 1991) and enhanced drinking in eels (van der Heijden et 
al, 1999). Several reports (Lal et al, 2001, Yeung et al, 2005, Zhang et al, 2000) show 
that hypoxia induces STC-1 expression. Furthermore, there is evidence for HIF-1 
(hypoxia inducible factor 1)−regulated STC-1 expression in human cancer cells 
(Yeung et al, 2005). As for calcitriol and changes in osmolarity, the effect of hypoxia 
might be dependent on the Ca2+ concentration, suggesting a role for intracellular Ca2+
in STC-1 regulation.  
Several studies report a role for STC-1 in atherosclerosis, angiogenesis, and in wound 
repair. Lysophosphatidylcholine, a pro-atherogenic compound present in 
atherosclerotic lesions, upregulated STC-1 expression (Sato et al, 1998). Others, on 
the other hand, have shown that STC-1 is highly induced during angiogenesis (Kahn 
et al, 2000) and during capillary morphogenesis (Bell et al, 2001). The fact that VEGF 
and HGF (hepatocyte growth factor) induce STC-1 expression supports these findings 
(Kahn et al, 2000, Wary et al, 2003, Zlot et al, 2003). Serum-stimulated fibroblasts 
upregulated their STC-1 expression after 2 hours of stimulation (Iyer et al, 1999), 
suggesting a role for STC-1 in wound healing. 
1.8 STC-1 in bone 
Like parathyroid hormone, extracts of CS can stimulate osteoclastic resorption of 
embryonic mouse bone in vitro (Lafeber et al, 1986). Yoshiko et al. provided direct 
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evidence for the role of STC-1 in bone physiology as they detected Stc-1 mRNA in 
neonatal mouse calvaria, primary cultures of mouse osteoblasts, and human and 
mouse osteoblastc cell lines (Yoshiko et al, 1999). More recent studies indicate that 
STC-1 retards longitudinal bone growth directly at the growth plate (Wu et al, 2006). 
Of the cells in the normal skeletal system, osteoblasts, i.e. the cells responsible for the 
production of bone, are a major source of STC-1 (Yoshiko et al, 2002, Yoshiko et al, 
2003). Yoshiko and colleagues demonstrated that rhSTC-1 stimulated bone 
mineralization by increasing phosphate uptake in rat calvaria cell cultures, a 
mechanism involving upregulation of PiT-1, a sodium-dependent phosphate 
transporter (Yoshiko et al, 2002). Stc-1 mRNA is expressed in osteoblasts and 
chondrocytes, but not in osteoclasts (Yoshiko et al, 1999). Recent evidence, however, 
shows that STC-1 affects all bone cells, including osteoclasts. Transgenic mice, 
overexpressing human STC-1 under the muscle-specific myosin-light chain promoter 
(MLC-hSTC-1), show decreased bone length and increased cartilage matrix synthesis. 
Moreover, the rate of bone formation, but not of bone mineralization, is decreased. 
Abnormal bone thickening and increase in trabecular bone number, density, and 
thickness are indicative of suppressed osteoclast activity (Filvaroff et al, 2002). One 
explanation for the reduction in skeletal growth in Stc-1 transgenic mice is that STC-1 
accelerates osteogenic maturation/differentiation. The fact that STC-1 stimulates 
osteoblast differentiation (Yoshiko et al, 2003) supports this assumption further. 
1.9 STC-1 in muscle and cell metabolism 
STC-1 protein is evident in cardiomyocytes of the developing mouse heart and at all 
stages of differentiation from myoblasts to myotube formation in developing skeletal 
muscle (Jiang et al, 2000). This is supportive of a role for STC-1 in myocyte function. 
Although Stc-1 mRNA levels are relatively low in skeletal muscle, injected 
radiolabeled hrSTC-1 accumulates here (De Niu et al, 2000). A differential staining 
pattern for STC-1 is evident during embryonic myogenesis, i.e. it appears during 
myotomal condensation and increases in intensity as myotubes align for fusion and 
myotube formation (Jiang et al, 2000). Interestingly, the muscles of MLC-hSTC-1 
transgenic mice are smaller, in actual weight and as a proportion of overall body 
mass, than age-matched control mice (Filvaroff et al, 2002). One explanation for this 
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is that STC-1 might stimulate premature muscle differentiation, as is the case in 
osteogenic maturation, and thereby accelerate myotube formation. 
Mitochondria are enlarged in otherwise ultrastructurally normal muscles of MLC-
hSTC-1 mice (Filvaroff et al, 2002). Moreover, these mice show increased food and 
oxygen consumption and faster glucose clearance than the control animals, suggesting 
a role for STC-1 in cellular metabolism. The discovery of high-affinity receptor-like 
binding of STC-1 in mitochondria (McCudden et al, 2002) supports this hypothesis. 
As for skeletal muscle, STC-1 expression in the heart appears to be relatively low (De 
Niu et al, 2000). Treatment of cultured rat cardiomyocytes with hrSTC-1, however, 
slowed their endogenous beating rate and decreased the rise in intracellular calcium 
with each contraction (Sheikh-Hamad et al, 2003). This regulation of Ca2+ currents 
occurred at least in part through L-channels in the heart muscle. Furthermore, STC-1 
was markedly upregulated in the failing heart, and its expression decreased again after 
mechanical unloading, suggesting a cardioprotective role for STC-1 (Sheikh-Hamad 
et al, 2003). 
1.10 STC-1 in reproduction 
The presence of Stc-1 mRNA in gonadal tissues in both fish and mammalians 
(McCudden et al, 2001, Varghese et al, 1998) suggests that STC-1 may have a role in 
reproduction. Transgenic mice overexpressing STC-1 under the MT-1 promoter show 
compromised female reproduction and deleterious effects on maternal 
lactation/nursing behaviour (Varghese et al, 2002).  
As mentioned earlier, the ovaries produce high molecular weight STC variants, 
collectively referred to as big STC. The reason for this variation in size, which does 
not appear to be due to differential glycosylation (Paciga et al, 2002), remains to be 
elucidated. The higher molecular weight variants might represent splicing variants or 
post-transcriptional modifications.  
The ovaries express high levels of Stc-1 mRNA, with increased expression during 
pregnancy and lactation (Deol et al, 2000). Almost all Stc-1 mRNA is confined to the 
steroid-producing thecal-interstitial cells (TICs) (Deol et al, 2000, Varghese et al, 
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1998). The protein, on the other hand, targets to the oocytes and to the cholesterol 
lipid droplets of nearby corpus luteal cells to suppress progesterone synthesis (Paciga 
et al, 2003, Varghese et al, 1998). Thus, the ovary has both STC-1 producing and 
STC-1 sequestering cells, suggesting a paracrine cell-cell signaling role for STC-1. 
Big STC and its receptors both appear on the lipid storage droplets of small and large 
luteal cells (Paciga et al, 2003).  
Circulating STC-1 is not detected in mammalians, except during pregnancy and 
lactation. This may be due to a rapid clearance of STC-1 from the circulation by 
erythrocytes claimed to carry large numbers of high-affinity binding sites for STC-1 
(James et al, 2005). During pregnancy and lactation, however, ovarian big STC 
production increases, and the hormone is released into the circulation. During 
lactation, ovarian big STC is highly dependent on the suckling stimulus and has a 
regulatory effect on the lactating mammary gland (Deol et al, 2000, Hasilo et al, 
2005). During the virgin state, mammary glands express high levels of STC-1 
together with microsomal- and mitochondria-associated STC-1 receptors. During 
pregnancy and lactation, however, there is a progressive decline in these receptors and 
a simultaneous rise in nuclear receptors, specifically on milk-producing alveolar cells. 
The endogenous STC-1 expression of the mammary gland falls dramatically and 
instead an exogenous, blood-borne form of STC-1 (ovarian big STC) targets the 
mammary gland (Hasilo et al, 2005).  
Both STC-1 and STC-2 are involved in blastocyst implantation and stromal cell 
decidualization (i.e. transformation of the endometrial stroma into a dense cellular 
matrix) in rat uterus. While STC-1 appears to be involved in the entire decidualization 
process, STC-2 seems to participate mainly in the primary decidualization (Xiao et al, 
2006). 
1.11 STC-1 and cancer 
STC-1 was originally cloned in the search for cancer-related genes (Chang et al, 1995) 
and is differentially expressed in several cancers, as compared to normal tissues. STC-
1 mRNA was present in the bone marrow and blood of breast cancer patients, whereas 
no STC-1 mRNA was evident in healthy volunteers (Wascher et al, 2003). The 
authors therefore suggested STC-1 as a novel molecular marker for human breast 
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cancer. Furthermore, elevated levels of STC-1 mRNA in the vasculature of breast 
adenocarcinomas and other tumors were reported (Kahn et al, 2000). In another study, 
both STC-1 and STC-2 expression were evident in a subset of estrogen receptor-
positive tumors (Bouras et al, 2002). A 10-fold upregulation of STC-1 in colon 
tumors was primarily due to expression of STC-1 in the tumor vasculature (Gerritsen 
et al, 2002). Increased STC-1 expression was evident in more than 75% of the tumor 
samples of human hepatocellular carcinomas (Okabe et al, 2001). A decrease in STC-
1 expression was, however, evident in breast and ovarian cancer (Welcsh et al, 2002). 
The expression correlated with the expression of the tumor suppressor protein 
BRCA1 (breast cancer 1) in breast, but not in ovarian cancer. The authors concluded 
that loss of STC-1 expression occurs during early breast tumorigenesis. A similar 
downregulation of STC-1 in ovarian tumors was evident (Ismail et al, 2000).  
The precise role of STC-1 in carcinogenesis is still unclear. In particular, the 
involvement of cancer cells in the differential STC-1 expression has to be determined. 
Tumor vasculature may be responsive for the increased expression of STC-1 
(Gerritsen et al, 2002, Kahn et al, 2000). The fact that VEGF induces STC-1 
expression supports this assumption (Liu et al, 2003, Wary et al, 2003).  
HIF-1, a key regulator in the cellular responses to oxygen deprivation, i.e. hypoxia, is 
involved in cancer progression (Akakura et al, 2001, Carmeliet et al, 1998, Jiang et al, 
1997, Maxwell et al, 1997, Ravi et al, 2000). HIF-1 activates STC-1 in human cancer 
cells suggesting a role for STC-1 in the hypoxia-induced Warburg effect (Yeung et al, 
2005). The Warburg effect, i.e. the reprogramming of tumor metabolism from an 
oxidative to a more glycolytic pathway, in which HIF-1 plays a key role, is one of the 
most universal characteristics of solid tumors (Chang et al, 2003). As HIF-1 induces 
expression of both STC-1 (Yeung et al, 2005) and VEGF (Forsythe et al, 1996), and 
VEGF induces expression of STC-1 (Liu et al, 2003, Wary et al, 2003), STC-1 
appears to be involved in the vascularization of tumors, induced by the hypoxic 
environment.  
1.12 STC-1: a pro-survival factor for differentiated cells?  
In a study mature fibroblasts downregulated their STC-1 expression after 
immortalization (Chang et al, 1995). In addition, STC-1 expression is downregulated 
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in several human cancers (Ismail et al, 2000, Welcsh et al, 2002), which might be due 
to the acquired proliferative capacity of cancer cells. Furthermore, since STC-1 
expression is induced by serum-stimulation of fibroblasts (Iyer et al, 1999) and during 
angiogenesis (Bell et al, 2001, Kahn et al, 2000) one might speculate that STC-1 acts 
as a pro-survival factor at the tissue level during wound healing. 
Transgenic mice overexpressing STC-1 under the mouse MT-1 or the rat MLC
promoter show dwarfism. Bone and muscle growth retardation (Filvaroff et al, 2002, 
Varghese et al, 2002) may be due to the overexpressing STC-1, accelerating bone and 
muscle maturation/differentiation. Similarly, hrSTC-1 accelerates osteogenic 
development in a fetal rat calvaria cell culture, whereas Stc-1 antisense 
oligonucleotides retard the development (Yoshiko et al, 2003).  
Short-lived cells or cells with proliferative potential do not generally express STC-1. 
Chang and colleagues were unable to detect STC-1 mRNA in liver (Chang et al, 1995) 
although a high level of receptor-like activity is evident in a subset of hepatocytes 
(McCudden et al, 2002). Neither do mature lymphocytes that retain their proliferative 
potential express STC-1. Cells with limited proliferative capacity, however, such as 
oocytes (Deol et al, 2000), osteoblasts (Yoshiko et al, 2002, Yoshiko et al, 2003), 
chondrocytes (Yoshiko et al, 1999), cardiomyocytes (Sheikh-Hamad et al, 2003), 
striated muscle (Jiang et al, 2000), and brain neurons (Zhang et al, 2000, Zhang et al, 
1998) express STC-1. 
1.12.1 STC-1 in neural differentiation 
Our laboratory became interested in mammalian STC-1, in an attempt to identify 
changes in gene expression during neural differentiation. We have worked with a 
model system for several years consisting of the Paju cell line. Paju is a robust human 
cell line, growing in monolayer as polygonic cells, with a slight tendency to 
spontaneous sprouting when reaching confluency, and can be genetically manipulated 
by transfection with cDNA constructs. This cell line was originally established in our 
laboratory from the pleural fluid of a teenaged girl with a widely metastasized neural- 
crest-derived neoplasia (Zhang et al, 1998).  
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Paju cells respond to various stimuli by activating a program of neural differentiation. 
Treatment with phorbol 12-myristate 13-acetate (PMA) induces vigorous neural 
sprouting and cessation of cell proliferation, mimicking the terminal neural 
differentiation in the CNS (Zhang et al, 1998). 
To identify changes in gene expression during induced terminal neural differentiation, 
our laboratory analyzed mRNA extracted from Paju cells, before and after PMA-
induced neural differentiation (Zhang et al, 1998). A differential display reverse 
transcription-polymerase chain reaction (DD-RT-PCR) assay was performed for a 
number of genes. STC-1 was one of the genes, showing a strongly upregulated 
expression after induced differentiation. Northern blotting revealed that the 
upregulation of STC-1 expression in Paju cells, after treatment with PMA, precedes 
the terminal morphological differentiation. Immunohistochemical staining of 
uninduced Paju cells with rabbit antibodies to STC-1 showed no or very weak STC-1 
reactivity. Staining of cells, treated for three days with PMA, however, revealed 
perinuclear cytoplasmic staining for STC-1 (Zhang et al, 1998). 
This finding prompted our laboratory to study the expression of STC-1 in mammalian 
brain tissue (Franzen et al, 2000). Immunohistochemical staining of sections from 
different parts of normal human brain disclosed the presence of STC-1 in neurons, 
while no staining of glial structures was evident. In addition to the neurons, 
endothelial cells of brain vessels, as well as the epithelium of the choroid plexus 
stained for STC-1. A particularly strong staining was evident in large cortical 
neurons, in the cerebellar Purkinje cells, and in large neurons of basal brain nuclei. 
Similarly, the pigmented neurons of Substantia nigra showed a strong cytoplasmic 
reactivity for STC-1. Most of the immunoreactive STC-1 located to the neural soma 
in a slightly granular pattern, or in co-distribution with Nissl bodies. Some larger 
neurons frequently showed staining also in the nucleus, suggesting nuclear import of 
STC-1 (Zhang et al, 1998). 
Zhang et al. examined whether the expression of STC-1 in neurons in vivo was 
similarly regulated by cell differentiation. No expression of STC-1 in fetal brain, and 
only a weak staining in large brain neurons of newborn and one-week old mice was 
evident. Terminally differentiated brain neurons of adult mice and rats, however, 
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displayed a robust staining for STC-1, similar to that observed in human brain. The 
onset of the expression of STC-1 in brain neurons, during rat development, was 
confirmed by in situ hybridization. A strong signal of Stc-1 message was evident in 
the brain neurons in postnatal animals, but not in fetal brain (Zhang et al, 1998). 
STC-1 increases the resorption of inorganic phosphate in fish kidney (Lu et al, 1994). 
Given that differentiated Paju cells, and cells transfected with STC-1 cDNA, release 
STC-1 to the medium, Zhang et al. treated normal Paju cells with recombinant STC-1
in vitro. They observed that treatment of Paju cells with STC-1 increased the rate of 
uptake of KH232PO4 (Zhang et al, 2000). This observation indicates that STC-1 has 
retained at least some of its regulatory influence on the calcium-phosphate 
homeostasis, from fish to man, when studied in cell culture conditions. 
Influx of calcium is a common initiator of terminal cell damage. Since exposure to 
elevated concentrations of calcium triggers upregulated expression of STC-1, the 
functional role of STC-1 in Paju cells transfected with STC-1 cDNA was investigated. 
Paju cells overexpressing STC-1 displayed increased resistance to treatment with 
cobalt chloride (CoCl2), which mimics hypoxia. Paju cells overexpressing STC-1 
were also more resistant to treatment with thapsigargin, which inhibits Ca2+ ATPases 
and releases calcium from intracellular stores, resulting in elevated concentrations of 
intracellular free calcium (Zhang et al, 2000). 
Further evidence for a neuroprotective role of STC-1 in vivo derives from studies on 
experimental and clinical ischemic brain damage. In situ hybridization revealed 
activated Stc-1 transcription, and immunohistochemistry showed an elevated and 
redistiributed expression of STC-1 protein in the neurons of the penumbra of the 
induced brain infarct (Zhang et al, 2000). Correspondingly, upregulated and 
redistributed expression of STC-1 was observed in the neurons of the penumbra, 
surrounding the infarct area of a patient who died within 15 hours after onset of an 
ischemic stroke (Zhang et al, 2000). Long et al. similarly observed elevated levels of 
STC-1 expression in response to traumatic brain damage in mouse hippocampus 
(Long et al, 2003). 
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Human brain neurons can survive for over 100 years without renewing cell divisions. 
It is conceivable that such cells are endowed with different mechanisms to maintain 
their integrity. The findings of Zhang et al. suggested that STC-1 might play a role as 
a survival factor for postmitotically differentiated neurons. In addition to STC-1, 
terminally differentiated neurons also display high expression of anti-apoptotic 
proteins like B-cell lymphoma 2 (BCL-2) (Zhang et al, 1996) and neuronal apoptosis 
inhibiting protein (NAIP) (Simons et al, 1999, Xu et al, 1997). Interestingly, the 
distribution of NAIP expression in human brain largely coincides with that of STC-1, 
with highest levels in large neurons and in the epithelium of the choroid plexus.  
Enhanced uptake of Pi, in response to elevated STC-1 expression, may contribute to 
the neuroprotective role. Pi influx stimulates ATP synthesis and enhances energy 
charge in cultivated fetal rat neurons (Glinn et al, 1998). Furthermore, neurons, pre-
exposed to Pi, showed higher steady state concentrations of ATP and displayed 
improved survival under exitotoxic conditions.  
The ultimate mechanism by which STC-1 confers cytoprotection is largely unknown. 
McCudden et al. showed that STC-1 binds to the inner mitochondrial membrane and 
demonstrated that STC-1 has a concentration-dependent stimulatory effect on electron 
transfer in isolated sub-mitochondrial particles (McCudden et al, 2002). Taken 
together, STC-1 might act as a maintenance factor for terminally differentiated 
neurons and may increase the efficiency of energy synthesis under stressful 
conditions. Rather than being secreted, STC-1 may in fact protect the cell in which it 
is produced. 
2. MEGAKARYOCYTE DIFFERENTIATION
The renewal of blood cells, i.e. hematopoiesis, represents a fine tuned concerted 
action between cell proliferation and cell differentiation. While mature lymphocytes 
retain their proliferative potential, granulocytes undergo postmitotic differentiation 
and mammalian red cells even expel their nuclei.  
The megakaryocytes, fragmenting into platelets, are sessile cells in the hematopoietic 
tissue, and are rarely found in the circulation. The megakaryocytes originate from a 
precursor cell, the megakaryocyte-erythroid progenitor (MEP), shared with the 
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erythroid cell lineage (Figure 4). During megakaryocytopoiesis, the differentiating 
cells undergo endomitotic polyploidisation. This process is associated with an 
increase in cytoplasmic volume and, thus, indirectly regulates platelet production. 
Endomitosis only occurs during terminal differentiation of the megakaryocyte (Vitrat 
et al, 1998). The endogenous cell cycle-blocker, the cyclin-dependent kinase inhibitor 
p21Cip1/Waf1, plays an important role in the exit from the endomitotic cell cycle, and in 
the coupling of the cell cycle arrest to terminal differentiation (Baccini et al, 2001). 
Figure 4. Megakaryocytopoiesis pathways. The figure extends from the HSC to 
platelets and offers a combination of the more “classical” pathway, leading to the 
common megakaryocyte-erythroid progenitor (MEP), and a proposed “direct” route 
from the HSC. LT-HSC, long-term hematopoietic stem cell; ST-HSC, short-term 
hematopoietic stem cell; CMP, common myeloid progenitor; ELP, early lymphoid 
progenitor; GMP, granulocyte/monocyte progenitor; CLP, common lymphoid 
progenitor. Modified from (Pang et al, 2005). 
Cytokines are important for megakaryocyte differentiation. As determined by its 
effects on megakaryocyte size, number, and ploidy, one of the most powerful 
cytokines for megakaryocyte maturation is considered to be IL-6 (Imai et al, 1991, 
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Zauli and Catani, 1995). In vivo injection of IL-6 significantly increases platelet 
production and transgenic mice carrying human IL-6 have an increased number of 
MK in their bone marrow (Suematsu et al, 1989). 
K562 is a pluripotent human erythroleukemia cell line with an ability to differentiate 
along a megakaryocytic, erythroid, or, to a lesser extent, monocytic lineage (Alitalo, 
1990). Phorbol esters (PMA) induce differentiation into megakaryocytes, with 
concomitant loss of monocyte- and erythroid-specific markers (Long et al, 1990). 
This induction stimulates the MAPK pathway, demonstrated to be responsible for the 
differentiation of K562 cells along the megakaryocyte-restricted pathway. 
Interestingly, the same pathway suppresses erythroid differentiation (Whalen et al, 
1997). 
3. ADIPOCYTE DIFFERENTIATION
When food intake chronically exceeds energy expenditure, most of the surplus energy 
accumulates as triacylglycerols, and leads to an increased volume of fat tissue. 
Accumulation of adipose tissue involves both hypertrophy, i.e. increase in the size of 
individual mature fat cells, and hyperplasia, i.e. recruitment of new adipocytes (Brook 
et al, 1972). 
Mature fat cells in adult individuals are terminally differentiated and do not 
proliferate. The perivascular and stromal areas of adipose tissue contain precursor 
cells, i.e. preadipocytes, which have mitotic capability, and are committed to 
adipocyte differentiation (Sorisky et al, 2000) (Figure 5). Adipocyte differentiation 
includes mitotic clonal expansion, growth arrest and, differentiation, a process 
characterized by subsequent appearance of early, intermediate, and late protein 
markers, and of triglyceride accumulation (Bernlohr et al, 1985, Greenberg et al, 
1993, Gregoire et al, 1998, MacDougald & Lane, 1995). 
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Figure 5. Overview of stages in adipocyte differentiation. Our current understanding 
of adipocyte differentiation is that a pluripotent stem cell precursor gives rise to a 
mesenchymal precursor cell with the potential to differentiate along mesodermal 
lineages of chondroblasts, osteoblasts, myoblasts, and adipocytes. Given appropriate 
environmental and gene expression cues, preadipocytes undergo clonal expansion and 
subsequent terminal differentiation. Modified from (Gregoire et al, 1998). 
Terminal maturation of fat cells is dependent on a cross-talk between the 
CCAAT/enhancer binding proteins (C/EBPs) and the peroxisome proliferator-
activated receptor gamma (PPARγ), which is a member of the nuclear receptor gene 
family (Shao & Lazar, 1997, Wu et al, 1995). The synergistic action of C/EBPs and 
PPARγ induces a gene expression cascade, which results in the acquisition of the 
functional phenotype of mature fat cells. This cascade includes the induction of genes 
regulating lipid metabolism (glycerophosphate dehydrogenase, fatty acid synthase, 
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acetyl CoA carboxylase, malic enzyme, glucose transporter 4, the insulin receptor, 
and fatty acid binding protein), and the activation of the expression of endogenous 
inhibitors of cyclin-dependent kinases (p18, p21, and p27), allowing the maturing 
adipocytes to exit the cell cycle (Morrison & Farmer, 1999, Spiegelman et al, 1993). 
Moreover, analysis of gene expression during induced fat cell maturation has revealed 
an altered expression of genes associated with extended survival of the postmitotically 
differentiated adipocytes. These include upregulated expression of the anti-apoptotic 
protein BCL-2 and NAIP (Magun et al, 1998) and downregulated expression of the 
pro-apoptotic activity of DNAse-1 (Sorisky et al, 2000). This study adds STC-1 to the 
list of survival genes, which display upregulated expression during terminal adipocyte 
differentiation. 
Of several in vitro models, established to study the cellular and molecular events in 
adipogenesis, one of the best well-characterized models is the murine 3T3-L1 
preadipocyte cell line (Green & Kehinde, 1975). This cell line grows as fibroblasts, 
but upon treatment with an adipogenic cocktail containing methylisobutylxanthine, 
dexamethasone, and insulin, the cells differentiate synchronously into mature 
adipocytes (Green & Kehinde, 1979).  
4. IL-6 
The cytokines of the interleukin-6 (IL-6) family comprises IL-6, IL-11, LIF (leukemia 
inhibitory factor), OSM (oncostatin M), CNTF (ciliary neurotrophic factor), CT-1 
(cardiotrophin-1), and CLC (cardiotrophin-like cytokine) (Heinrich et al, 2003). IL-6 
is a multifunctional cytokine with major roles in the immune, hematopoietic, and 
nervous systems (Kamimura et al, 2003, Van Wagoner & Benveniste, 1999). In 
addition, IL-6 modulates bone metabolism, cell proliferation, differentiation, and 
apoptosis (Kamimura et al, 2003).  
The receptor-complex involved in the recognition of IL-6 comprises the non-signaling 
subtype-specific receptor IL-6Rα (R refers to the receptor) and the common signal 
transducing receptor gp130. The binding of IL-6 to the α-receptor is specific and only 
this complex is able to efficiently recruit the signaling receptor gp130. Although 
gp130 is ubiquitously expressed, the number of cells that respond to IL-6 is restricted 
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to the expression of the α-receptor. Cells lacking the α-receptor may, however, 
respond to IL-6 stimulation with the help of soluble α-receptors (sIL-6Rα), formed by 
shedding of membrane-bound receptors or by alternative splicing (Lust et al, 1992, 
Muller-Newen et al, 1996). Although this IL-6−sIL-6Rα complex acts agonistically 
with the IL-6−IL-6Rα complex, the naturally occuring combination of sIL-6Rα and a 
soluble form of gp130 (sgp130), sIL-6Rα−sgp130, exerts antagonistic activity on IL-
6 responses (Muller-Newen et al, 1998). 
Upon stimulation by an IL-6−IL-6Rα or IL-6−sIL-6Rα complex, the gp130, acting as 
a homodimer, associates with the JAKs (Janus-activated kinases) and becomes 
tyrosine phosphorylated. This either activates the STAT (signal transducer and 
activator of transcription), MAPK (mitogen-activated protein kinase), or the PI3K 
(phosphoinositide 3-kinase) pathway acting downstream on the regulation of gene 
expression (Heinrich et al, 2003).  
Both in vivo and in vitro studies indicate that IL-6 mediates neuroprotective activity 
(Gadient & Otten, 1997). Treatment with IL-6 increased the survival of retinal 
ganglion cells in vitro (Mendonca Torres & de Araujo, 2001) and protected cerebellar 
granule cells (Peng et al, 2005) and neuroblastoma cells in culture (Bissonnette et al, 
2004) against glutamate-induced toxicity and oxidative damage. Moreover, injection 
of IL-6 reduced the volume of induced brain infarcts in rats and protected against N-
methyl-D-aspartate−induced toxicity in cortical, striatal, and retinal neurons (Ali et al, 
2000). Inhibition of IL-6 signaling by treatment with monoclonal antibodies, 
however, aggravated ischemic cerebral injury in mice (Yamashita et al, 2005). 
The low level of IL-6 normally present in the CNS rises rapidly in response to 
mechanical, ischemic, or excitotoxic injury. These increased amounts of IL-6 in the 
injured brain originate mainly from local production in neuro-glial and endothelial 
cells (Van Wagoner & Benveniste, 1999). Penkowa et al. previously reported that 
mice with transgenic IL-6 overexpression in the astroglial cells, under the control of 
the GFAP (glial fibrillary acidic protein) gene promoter (GFAP-IL6 mice), displayed 
elevated resistance to neuronal damage and apoptotic cell death after brain injury 
(Penkowa et al, 2003) and pellagra neurotoxicity (Penkowa et al, 2003). On the other 
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hand, excitotoxic stress (Penkowa et al, 2001) and brain cryoinjury induced increased 
degeneration and apoptotic cell death in brains of Il-6 deficient mice (Il-6-/-), as 
compared to WT controls (Penkowa et al, 2000). 
In addition to its neuroprotective role, IL-6 shows cardioprotective activity with the 
role of an obligatory mediator of delayed ischemic preconditioning in heart (Dawn et 
al, 2004). Furthermore, hypoxic stress, a triggering factor in preconditioning, induces 
IL-6 in cardiomyocytes (Yamauchi-Takihara et al, 1995).  
5. HYPOXIC PRECONDITIONING
Hypoxia is defined as a decrease in tissue or ambient tissue oxygen concentration 
below normal. Animals exposed for a few hours to hypoxia (8% oxygen) are 
relatively protected for several days against subsequent ischemic damage. This 
phenomenon, studied in a number of organs, such as brain, heart, retina, and other 
organs (Brucklacher et al, 2002, Gage & Stanton, 1996, Gidday et al, 1994, Moolman 
et al, 1994, Neckar et al, 2002a, Samoilov et al, 2003, Tajima et al, 1994) is known as 
hypoxic preconditioning (HOPC). HOPC is not to be confused with ischemic 
preconditioning (IPC), first described by Kitagawa et al. (Kitagawa et al, 1990a, 
Kitagawa et al, 1990b), Kato et al. (Kato et al, 1991), and Kirino et al. (Kirino et al, 
1991). IPC is defined as a "prophylactic" transient decrease in local blood flow to a 
tissue (circulatory hypoxia), preventing oxygen and nutrient supply, leading to a long-
lasting adaptive response to subsequent severe ischemia. 
5.1 HOPC in brain 
Gidday et al. first observed that HOPC alone (8% oxygen for 3 hours) protected 
neonatal rat pups from global ischemia 1 day later (Gidday et al, 1994, Gidday et al, 
1999), as other studies later confirmed (Bergeron et al, 2000, Ota et al, 1998, 
Vannucci et al, 1998). More recently, HOPC was also shown to protect adult mice 
against focal transient cerebral ischemia (Bernaudin et al, 2002a, Miller et al, 2001). 
HOPC requires activation of the cell genome and de novo protein synthesis, since 
protein synthesis inhibitors block the effect of HOPC (Gidday et al, 1999). 
Interestingly, NMDA (N-methyl-D-aspartate) receptor antagonists block the effect of 
IPC (Kato et al, 1992), but not that of HOPC in the brain (Gage & Stanton, 1996). 
Inhibitors of RNA and protein synthesis, on the other hand, prevent HOPC (Gidday et 
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al, 1999). These findings suggest that increased transcription and translation are 
necessary for hypoxia-induced tolerance. 
5.2 HOPC in heart 
Murry and colleagues  introduced the term "preconditioning" into cardiovascular 
biology (Murry et al, 1986). The protection conferred by HOPC or IPC in heart 
occurs in a bimodal time course comprise of early and delayed preconditioning. 
A distinct feature of the early preconditioning is that the protection is short-lived. The 
tolerance develops within minutes after the sublethal injury and lasts for a few hours. 
A delayed form of adaptaion occurs after 12-24 hours and lasts for 3 to 4 days. This 
form of preconditioning, independently described by two groups in 1993 (Kuzuya et 
al, 1993, Marber et al, 1993), is known as "delayed preconditioning", "late 
preconditioning", or "second window of protection". 
Several studies show that high-altitude hypoxia might have cardioprotective effects 
against ischemic injury similar to those observed in ischemic preconditioning. Indeed, 
HOPC protects the myocardium by increasing coronary circulation and angiogenesis 
(Zhong et al, 2002) and by reducing incidence of arrhythmias (Asemu et al, 1999). 
Mitochondrial ATP-sensitive K+ (mitoKATP) channels are critical for this phenomenon 
in both rat (Asemu et al, 1999, Neckar et al, 2002b, Yue et al, 2002) and rabbit (Baker 
et al, 1997a, Baker et al, 1997b). 
Hypoxic stress increases the production of IL-6 in cardiac myocytes (Yamauchi-
Takihara et al, 1995). Since the protective effects of ischemic preconditioning are 
absent in Il-6-/- mice, IL-6 obviously plays a key role in the activation of the late 
preconditioning phase (Dawn et al, 2004). 
5.3 HIF-1 
The transcription factor HIF-1α, a protein present in its inactive form in most 
normoxic cells, is activated with the onset of hypoxia (Ratcliffe et al, 1998). 
Desferrioxamine (DFO) and CoCl2, agents known to mimick hypoxia by inhibiting 
prolyl hydroxylases, both activate HIF-1α (Bergeron et al, 2000). This active form of 
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HIF-1α, together with HIF-β, becomes phosphorylated; this stabilizes both proteins 
and promotes their dimerization. The dimer, in concert with p300/CBP (p300/CREB 
binding protein), acts on hypoxia-responsive elements (HRE) in the promoters of a 
variety of hypoxia-responsive genes (O'Rourke et al, 1997, Ratcliffe et al, 1998, 
Semenza et al, 1996, Vaux et al, 2001). Genes with HREs are involved in a number of 
cellular events, such as vasomotor control (adrenomedullin, iNOS, β-adrenergic 
receptor and endothelin), angiogenesis (VEGF and FLT1), erythropoiesis (EPO), iron 
metabolism (transferrin and transferrin receptor), cell cycle (p21, IGF2, and 
IGFBP1,2,3), cell death (NIP3 and NIX), and energy metabolism (glucose 
transporters 1 and 3, PFK, LDH aldolases, and enolase) (reviewed in (Sharp & 
Bernaudin, 2004). These genes act to increase blood flow, increase glucose and 
lactate delivery to cells, and promote rapid glycolysis during hypoxia allowing the 
cells to survive. 
Although HIF-1α is clearly important, there are other transcription factors than HIF-
1α, such as EGR-1, MTF-1, NFκB, and CREB that mediate HOPC. These 
transcription factors are involved in cellular responses to stimuli such as stress. For 
example, EGR-1, induced by hypoxia, regulates the expression of VEGF by binding 
to its promoter. The fact that both HIF-1α and EGR-1 activate VEGF, apparently 
increases its response to HOPC (Yan et al, 2000). Furthermore, the transcription 
factor MTF-1 is involved in neuroprotection by modulating the hypoxia-induced 
expression of MT-1, a potentially protective gene in cerebral ischemia (Bernaudin et 
al, 2002a, Emerson et al, 2000, Trendelenburg et al, 2002) (Figure 6). In addition, 
there are about a dozen genes induced by HOPC that are not regulated by any of the 
factors mentioned above (Bernaudin et al, 2002b). This study adds IL-6−mediated 
STC-1 to the list of hypoxia-responsive target genes leading to cytoprotection (Figure 
7). 
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Figure 6. Hypoxia acts on several transcription factors to induce hypoxia-responsive 
target genes. The summed induction of these genes is suggested to lead to 
cytoprotection. Modified from (Ran et al, 2005, Sharp & Bernaudin, 2004). 
Some studies show that hypoxia, by damaging both nuclear and mitochondrial DNA, 
stimulates DNA repair (Englander et al, 1999, Lee et al, 2002, Wang et al, 2000). 
Whether this DNA repair-response to hypoxia is important for cellular protection in 
HOPC is unclear. 
A surprising characteristic of both IPC and HOPC is that knocking down of one gene 
can totally block the effect of preconditioning, even though a dozen or so genes are 
induced in both IPC and HOPC (Shimizu et al, 2001, Wick et al, 2002). For example, 
knocking down VEGF or nitric oxide (NO) abrogates HOPC (Gidday et al, 1999, 
Wick et al, 2002). This suggests that several signaling cascades act together rather 
than in parallel, initiated by a common mechanism by reactive oxygen species (ROS) 
(McLaughlin et al, 2003, Sharp et al, 1999) or converging on a common protective 
protein such as heat shock protein 70 (HSP70).  
Hypoxia
MTF-1                             HIF-1                   EGR-1, CREB, NFκB 
Mt-1                   Epo       Vegf       others     Vegf            others
Cytoprotection
Transcription 
factor: 
Target gene: 
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Instead of renewing themselves, postmitotic cells must survive stress with the help of 
"pro-survival" proteins. Interestingly, stress might even be beneficial − "What doesn´t 
kill you makes you stronger". This study will clarify whether STC-1 is a pro-survival 
protein necessary during cell stress and differentiation. 
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AIMS OF THE STUDY 
The aims of the present study were to answer the following questions: 
1) Is there an inter-relationship between terminally differentiated cells and STC-1 
expression? 
2) Does STC-1 confer protection in mammalian cells?
3) How is the STC-1 gene expression regulated under hypoxic stress? 
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MATERIALS AND METHODS 
1. CELL CULTURE (I-IV) 
All cultures were maintained in a 5% CO2 atmosphere at 37°C. 
1.1 K562 cells (I) 
The human erythroleukemia cell line, K562, was cultured in suspension in 
supplemented RPMI 1640. 
1.2 3T3-L1 fibroblasts (II) 
The murine preadipocyte cell line, 3T3-L1 was cultured surface-adherent in 
supplemented Dulbecco’s modified Eagle’s medium (DMEM).  
1.3 Paju cells (III) 
Paju cells, a human neural-crest-derived tumor cell line, were cultured surface 
adherent in supplemented RPMI 1640. For signaling pathway experiments, we 
preincubated cells with the respective inhibitor (Calbiochem) at 50 μM (AG490), 25 
μM (PD98059), or 200 nM (Wortmannin) before activation with 2.5 ng/ml IL-6 
(R&D Systems). Cells were collected and RNA isolated by use of TRIZOL® Reagent 
(Invitrogen). 
1.4 HL-1 cardiomyocytes (IV) 
The murine cardiomyocyte cell line HL-1 (a kind gift from Dr. W. Claycomb, New 
Orleans) was cultured surface adherent in supplemented Claycomb media (Claycomb 
et al, 1998) in the absence of norepinephrine, due to the ability of norepinephrine to 
induce IL-6 (Yamauchi-Takihara et al, 1995). Cells were treated with 5 ng/ml IL-6 to 
induce STC-1 expression.  
1.4.1 Hypoxia treatment 
HL-1 cells were exposed to hypoxic conditions for 6 hours (as described in Keira et 
al, 2004). Cultures were aerated and returned to normal conditions for an additional 
17 or 41 hours. Total RNA was isolated by use of TRIZOL® Reagent (Invitrogen).  
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2. INDUCTION OF DIFFERENTIATION
2.1 K562 cells (I) 
K562 cells were induced to megakaryocytic differentiation by treatment with 20 nM 
PMA (Sigma) and to erythroid differentiation by treatment either with 2 mM sodium 
butyrate (Sigma) (Andersson et al, 1979) or 30 μM hemin (Sigma) (Rutherford et al, 
1979). Cells were harvested after 0, 1, 2, 3, and 4 days for Northern blotting, Western 
blotting, and immunohistochemistry.  
2.2 3T3-L1 fibroblasts (II) 
One-day post-confluent 3T3-L1 cells were induced to adipocyte differentiation by the 
addition of an adipogenic cocktail, containing 0.5 mM 3-isobutyl-1-methylxanthine 
(Sigma), 1 μM dexamethasone (Sigma), and 1.7 μM insulin (Orion Pharma). After 48 
h, the medium was replaced with fresh DMEM containing 1.7 μM insulin, and the 
cells were allowed to differentiate for an additional 5 days without any further 
manipulation. Typical areas were photographed with phase optics, and the cells were 
harvested for Oil Red-O staining, Northern blotting, Western blotting, and 
immunohistochemistry.  
3. OIL RED-O STAINING (II) 
Oil Red-O is a fat-soluble dye used for staining of neutral triglycerides and lipids. 
Uninduced and induced 3T3-L1 cells, cultured on glass chamber slides, were 
subjected to Oil Red-O staining. Slides were stained with hematoxylin, washed with 
distilled water, and mounted in Aquamount (BDH).  
4. NORTHERN BLOTTING (I, II) 
Equalized aliquots (10 μg) of total RNA (extracted using the RNAWIZTM kit 
according to the manufacturer’s instructions, Ambion) were electrophoresed, 
transferred to Hybond-N membranes (Amersham), hybridized with 1×106 cpm/ml of 
[α32P] human STC-1 cDNA and subjected to autoradiography. Membranes were 
stripped and re-hybridized with [α32P] human glyceraldehyde-3-phosphate 
dehydrogenase (G3PDH) (I) or [α32P] actin (II) control cDNA (Clonetech). 
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5. WESTERN BLOTTING (I, II) 
Platelets isolated from buffy coats of blood units were either lysed directly in boiling 
Laemmli sample buffer or first extracted for 10 minutes on ice with a lysis containing 
a proteinase inhibitor cocktail (Roche) and then boiled in Laemmli sample buffer (I). 
K562 cells were collected before and after induced differentiation at indicated time 
points and lysed in boiling Laemmli sample buffer. Both uninduced and induced 3T3-
L1 cells were extracted on ice with lysis buffer (II). Equal amounts of protein of each 
sample (20 μg for I/10 μg for II) were separated by SDS-PAGE (12%) and 
electrophoretically transferred to nitrocellulose membranes (Bio-Rad Protein Assay, 
Bio-Rad Laboratories). HrSTC-1 protein served as positive control. Filters were 
blocked and blotted with polyclonal antibodies against either rabbit anti-STC-1 
(1:2000) followed by peroxidase conjugated anti-rabbit IgG (DAKO) (I,II) or guinea 
pig anti-perilipin (1:2000; Progen) followed by biotinylated anti-guinea pig IgG 
(Zymed) (II) and a streptavidin peroxidase complex (Amersham). Blots were 
visualized by enhanced chemiluminescence (ECL, Amersham). HrSTC-1 and rabbit 
antiserum against hSTC-1 were prepared as described (Olsen et al, 1996). 
6. TISSUE PROCESSING AND IMMUNOHISTOCHEMISTRY
6.1 Material (I, II, III, IV) 
For STC-1 immunohistochemistry on megakaryocytes, sections from formalin-fixed 
core biopsies of normal human bone marrow and sections from spleen and lymph 
nodes from a patient with extramedullary myelopoiesis, were collected. Additionally, 
sections from adult mouse spleen and fetal (17d) rat liver were stained. Air-dried 
smears from normal human bone marrow and cytocentrifuged preparations of K562 
cells were likewise stained for STC-1 (I). 
For STC-1 immunohistochemistry on adipocytes, induced and uninduced 3T3-L1 
cells and sections of formalin-fixed normal fat tissue, brown fat from benign 
hibernomas, and liposarcomas of grade 1-4 (Table 1), were collected (II).  
For STC-1 immunohistochemistry on GFAP-IL6 transgenic mice, we transcardially 
perfused deeply anesthetized mice with heparinized 0.9% saline for 1 minute 
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followed by Zamboni's fixative (1.6% paraformaldehyde, 19 mM KH2PO4, and 100 
mM Na2HPO4·7H2O in 240 ml saturated picric acid-1600 ml H2O, adjusted to pH 7.4 
with HCl) for 8-10 minutes. Brains were removed and embedded in paraffin. Pair-
wise mounted 4-μm sections from brains of control and GFAP-IL6 mice on the same 
slides were subjected to STC-1 immunohistochemistry. Staining with pre-immune 
rabbit sera served as control (III).  
Cytocentrifuged preparations of HL-1 cells, before and after 6 hours of hypoxia 
treatment, were immunohistochemically stained for STC-1 (IV).  
6.2 Staining procedure (I, II) 
The sections were processed in a microwave oven (2 × 5 minutes in 900W) for 
antigen retrieval and treated with a methanol-perhydrol solution to block endogenous 
peroxidase activity. Immunohistochemical staining was performed using a 
commercial Elite ABC Kit (Vectastain, Vector Laboratories). 
Sections/smears/cytocentrifuged preparations were blocked with CAS-Block solution 
(Zymed), and incubated with a rabbit anti-STC-1 antibody (Olsen et al, 1996), diluted 
1:2000 in Chem Mate (Dako). Normal rabbit serum served as primary antibody in 
control stainings. The peroxidase staining was visualized by 3-amino-9-
ethylcarbazole (AEC) solution (0.2 mg/ml in 0.05 M acetate buffer containing 0.03% 
perhydrol; pH 5). Slides were counterstained with hematoxylin, washed with distilled 
water, and mounted in Aquamount (BDH). 
6.3 Double immunohistochemistry (II) 
Normal fat tissue, liposarcomas, and hormonally induced 3T3-L1 cells were subjected 
to co-staining with anti-STC-1 and anti-perilipin antibodies. Briefly, deparaffinized 
and rehydrated sections of formalin-fixed samples were processed in a microwave 
oven (4 × 5 minutes in 620W) for antigen retrieval, treated with a methanol-perhydrol 
solution to block endogenous peroxidase activity, and blocked with CAS-Block 
solution (Zymed). Slides were incubated with the guinea pig anti-perilipin antibody 
(Progen), diluted 1:150 in Chem Mate (Dako). This reagent proved to be necessary 
for successful staining. The staining proceeded according to the commercially 
available Histostain-Plus Kit (Zymed). The perilipin staining was visualized by 3,3'-
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diamino-benzidin-tetrahydrochlorid (DAB). Slides were rinsed in distilled water after 
which the staining proceeded according to the DAKO EnVision Doublestain kit 
(DAKO EnVision Doublestain kit), starting from doublestain blocking. Slides were 
incubated with rabbit anti-STC-1 antibody, diluted 1:1000 in Chem Mate (Dako) and 
visualized by Fast Red. Normal rabbit serum (1:1000) and normal guinea pig serum 
(1:150) served as primary antibodies in all control stainings. Slides were stained with 
hematoxylin, washed with distilled water, and mounted in Aquamount (BDH). 
7. CO-LOCALIZATION OF MITOCHONDRIA AND STC-1 (IV) 
HL-1 cells, cultured on coverslips, were transfected with a FLAG-STC-1 construct 
using Lipofectamine 2000 according to the manufaturer's instructions (Invitrogen). 
MitoTracker Red CMXRos (Molecular Probes) was used for the mitochondrial 
staining of living transfected cells. After fixation, permeabilization, and blocking, 
FLAG-tagged STC-1 was detected with a monoclonal FLAG antibody (5 μg/ml; 
Sigma). Fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse antibody 
(Dako) served as secondary antibody.
8. IMMUNOFLUORESCENCE AND CONFOCAL MICROSCOPY (I) 
Smears from human bone marrow were fixed, permeabilised and blocked. 
Immunofluorescence was performed with a STC-1 antibody diluted 1:100 and a 
FITC-conjugated swine anti-rabbit immunoglobulin (Dako) diluted 1:50. Confocal 
microscopic images were obtained using a Leica SP2 laser-scanning microscope 
(Jena). 
9. FLOW-CYTOMETRY (I) 
K562 cells were treated with PMA for 0, 1, 2, 3, and 4 days and stained with a 
monoclonal antibody which recognises the megakaryocytic differentiation marker 
GPIIb/IIIa, followed by FITC-conjugated goat anti-mouse immunoglobulin (Dako). 
Expression of surface GPIIb/IIIa was analysed by a FACScan flow cytometer (BD 
Biosciences). 
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10. CDNA SYNTHESIS AND QUANTITATIVE REAL-TIME PCR (III, IV) 
We prepared cDNA with the cloned AMV first-strand synthesis kit (Invitrogen) and 
performed quantitative real-time PCR with the Roche LightCycler instrument and the 
LightCycler® FastStart DNA MasterPLUS SYBR Green I kit (Roche). Human STC-1
primers were 5'-ACAGCAAGCTGAATGTGTGC-3' and 5'-CAGGCTTCGG-
ACAAGTCTGT-3'. Mouse primers were: Stc-1; 5’-ATGCTCCAAAA-
CTCAGCAGTGATTC-3’ and 5’-CAGGCTTCGGAC-AAGTCTGT-3’, Il-6; 5’-
CTTCCCTACTTCACAAGTCC-3’ and 5’-GCCACTCCTTCTGTGACTC-3’, Epo; 
5'-ACCCTGCTGCTTTTACTCTC-3' and 5'-ATGAAGCTGAAGGGTCTCTG-3', 
and Vegf-a; 5’-GAACTTTCTGCT-CTCTTGGG-3’ and 5’-TGATGTTGCTC-
TCTGACGTG-3’. STC-1, Il-6, Epo, and Vegf-a mRNA were normalized against 
levels of mouse beta-2-microglobulin (ß2m) or human glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH). Primers were: ß2m; 5'-GCTATCCAGAAAACCCCTCA-
3' and 5'-ATGTCTCGATCCCAGTAGAC-3', GAPDH; 5'-GGTGAAGGTCGG-
AGTCAAC-3' and 5'-CAAATGAGCCCCAGCCTTC-3'. All primers were from 
Proligo LLC. 
11. EXPERIMENTAL ANIMALS (III, IV) 
Table 1. Experimental animals used in publications III and IV. 
Publication 
III 
Mouse type 
Sample number 
Treatment Organ/Gene studied
Figure 1 WT 
n = 32 
No hypoxia/ 
2,4,6h hypoxia + 
6,12,24,48h recovery 
Brain/Stc-1 and Epo
Figure 4 WT 
n = 8 
No injury/ 
Focal brain injury 
Brain/Stc-1
 GFAP-IL-6 
n = 8 
No injury/ 
Focal brain injury 
Brain/Stc-1
Figure 5A WT 
n = 20 
No hypoxia/ 
2,4,6h hypoxia + 
6h recovery 
Brain/Il-6
Figures 5B,C Il-6-/-
n = 17 
No hypoxia/ 
2,4,6h hypoxia +  
48h recovery 
Brain/Stc-1 and Epo
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Publication 
IV 
Mouse type 
Sample number 
Treatment Organ/Gene studied
Figure 1 WT 
n = 40 
No hypoxia/ 
2,4,6h hypoxia + 
6,12,24,48,72h 
recovery 
Heart/Stc-1 and Vegf
Figure 2 Il-6-/-
n = 20 
No hypoxia/ 
2,4,6h hypoxia + 
48h recovery 
Heart/Stc-1 and Vegf
All procedures involving experimental animals were performed according to 
institutional and local guidelines. All efforts were made to minimise animal distress 
and to reduce the number of animals used.  
Wild-type mice were of strain C57BL/6129SvJ. The construction and characterization 
of GFAP-IL6 transgenic mice, with a mixed C57B6×SJL genetic background, is 
previously described (Campbell et al, 1993). Age and gender littermate WT mice 
served as controls. Il-6-/- mice (B6;129S2-Il6tm1Kopf/J) were from the Jackson 
Laboratory (Stock# 002254). 
12. HYPOXIA TREATMENT (III, IV) 
We subjected mice to hypoxia in a controlled-environment chamber perfused with 8%
v/v oxygen in nitrogen. Mice were killed at indicated time points, and collected brain 
and heart tissue were immediately snapfrozen in liquid nitrogen for extraction of total 
RNA as described above. 
13. INDUCTION OF BRAIN LESIONS (III) 
For induction of brain lesions the cryolesion method was used (Penkowa et al, 2000, 
Penkowa et al, 2003). Mice were lesioned under tribromethanol anesthesia and the 
skull over the right fronto-parietal cortex was exposed. Application of pellets of dry 
ice of consistent size during 60 seconds to the surface of the skull produced a focal 
cryoinjury. The mice were killed 24 hours later for extraction of total RNA.  
14. IN SITU HYBRIDIZATION (III, IV) 
We generated single-stranded antisense and sense RNA probes of a 356-bp mouse 
Stc-1 cDNA (position 147-502) fragment cloned into the pSPT18 plasmid 
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(Invitrogen). Probes were labeled with digoxigenin-uridine triphosphate by in vitro
transcription with SP6 and T7 RNA polymerases according to the manufacturer's 
instructions (Roche). A sense probe was used as a negative control. Automated 
hybridization was carried out with a Ventana Discovery Slide Stainer (Ventana 
Medical Systems). Sections were incubated with a monoclonal biotinylated anti-
digoxin antibody (Jackson ImmunoResearch Laboratories) diluted 1:2000. The probe 
was detected with the Ventana Blue Map kit (Ventana Medical Systems). 
15. STATISTICAL ANALYSIS (III, IV) 
Data are expressed as means ± s.d. We examined normality of the data and performed 
all analyses with the Student t-test (III, IV) or two-way ANOVA (III). P < 0.05 was 
regarded as statistically significant.  
      Table 2. List of methods used. 
Method Publication  
Cell culture I, II, III, IV 
Immunohistochemistry I, II, III, IV 
Induction of differentiation I, II 
Northern blotting I, II 
Western blotting I, II 
Flow-cytometry I 
Immunofluorescence  I 
Confocal microscopy I 
Oil Red-O staining II 
Double 
immunohistochemistry 
II 
cDNA synthesis and 
quantitative real-time PCR 
III, IV 
Hypoxia on mice III, IV 
In situ hybridization III, IV 
Statistics III, IV 
Cryolesion III 
Transfection IV 
Mitochondrial staining IV 
Hypoxia on cells IV 
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RESULTS AND DISCUSSION 
1. UPREGULATED STC-1 EXPRESSION DURING MEGAKARYOCYTOPOIESIS (I) 
There are no reports of STC-1 expression in hematopoietic cells. A fast turnover rate 
is characteristic for most hematopoietic cells. The half-life of megakaryocytes, 
however, is relatively long (Schwartz et al, 2003). This prolonged survival makes the 
megakaryocytes especially interesting as far as terminal differentiation is concerned. 
We therefore examined the expression of STC-1 in mature megakaryocytes and 
platelets of human, mouse, and rat. To investigate the kinetics of STC-1 expression 
during megakaryocytopoiesis, we used the K562 erythroleukemia cell line. This 
human cell line can be induced either to erythroid differentiation, by treatment with 
sodium butyrate (Andersson et al, 1979) or hemin (Rutherford et al, 1979), or to 
megakaryocytic differentiation, by treatment with PMA (Long et al, 1990).
1.1 Megakaryocytes and platelets express STC-1 
We performed immunohistochemical staining of hematopoietic tissues with 
antibodies to STC-1. The only hematopoietic cells showing strong expression of STC-
1 were mature megakaryocytes and platelets. In addition to normal human bone 
marrow, the megakaryocytes in foci of extramedullary hematopoiesis in the spleen of 
patients with myelofibrosis, stained for STC-1. Similarly, rodent megakaryocytes in 
mouse bone marrow and spleen, and in rat fetal liver, stained for STC-1.  
In smears of human bone marrow a strong STC-1 expression was restricted to mature 
megakaryocytes and platelets. Expression of STC-1 in platelets was confirmed by 
Western blotting when platelets were directly lysed in boiling Laemmli sample buffer 
whereas extracts obtained with lysis buffer appeared negative.  
1.2 STC-1 shows a perinuclear expression with a Golgi-like distribution 
Confocal microscopy of megakaryocytes revealed a perinuclear expression of STC-1 
with a Golgi-like distribution. Strongly stained aggregates were obvious inside the 
cell close to the plasma membrane, apparently representing platelets that are to be 
shed from the cell. Recently shed platelets were also evident in the close vicinity of 
the megakaryocyte. 
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1.3 K562 cells induced to megakaryocytic differentiation show a robust 
accumulation of STC-1
Treatment of K562 cells with PMA induced megakaryocytic differentiation as shown 
by the expression of the cell surface marker GPIIb/IIIa, while treatment of K562 cells 
with hemin or sodium butyrate induced erythroid differentiation detected by 
intracytoplasmic accumulation of fetal hemoglobin (data not shown). 
Western blotting revealed accumulation of STC-1 protein in lysates of K562 cells 
treated with PMA but not in lysates of cells treated with hemin or sodium butyrate. 
Immunohistochemical staining confirmed the presence of STC-1 in the cytoplasm of 
K562 cells treated with PMA. 
1.4 Kinetics of STC-1 expression after treatment with PMA 
Northern blot analysis revealed an up-regulation of a 4 kb and a 2 kb STC-1 transcript 
in K562 cells already after one day of PMA treatment and increased expression of 
STC-1 mRNA until day 3. No expression of STC-1 mRNA in K562 cells treated with 
hemin or sodium butyrate was evident. 
We report for the first time a strongly upregulated expression of STC-1 during 
megakaryocytic differentiation in a leukemia cell line and a robust accumulation of 
STC-1 protein in normal megakaryocytes and platelets in vivo (Serlachius et al, 
2004). 
Megakaryocytes undergo endomitotic polyploidisation during their terminal 
differentiation (Vitrat et al, 1998). It is, however, not clear whether cell differentiation 
per se or a cell cycle block/exit triggers STC-1 expression. Our observation is in 
favour of the latter possibility, i.e. that introduction of a cell cycle block in G1-S by 
treatment of Paju cells with hydroxyurea, triggers STC-1 expression without any 
morphological signs of neural sprouting (data not shown). Given this, it is interesting 
that the endogenous cell cycle blocker, the cyclin-dependent kinase (CDK) inhibitor 
p21Cip1/Waf1 plays a pivotal role in the polyploidisation and differentiation of 
megakaryocytes (Baccini et al, 2001). It remains to be determined whether the 
Cip/Kip family of CDK inhibitors is directly involved in the regulation of STC-1 
expression. 
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In comparison with other hematopoietic cells, megakaryocytes have a rather slow 
turnover rate. Infusion of [2H2]-glucose to label hematopoietic precursors showed that 
the half-life of human CD41a positive cells in vivo ranged from 5 to 21 days, while 
the replacement half-life for glycophorin A-positive erythroid precursors, was 2 to 6 
days (Schwartz et al, 2003). Expression of survival factors may contribute to this 
extended survival of megakaryocyes. In fact, the anti-apoptotic protein BCL-xL is 
upregulated during megakaryopoiesis (Kaluzhny et al, 2002). It is tempting to 
speculate that the upregulated expression of STC-1 also has bearing on the survival of 
postmitotically differentiated megakaryocytes. 
2. UPREGULATED STC-1 EXPRESSION DURING ADIPOGENESIS (II) 
As megakaryocytes, mature adipocytes are postmitotic cells that have undergone 
growth arrest and subsequent terminal differentiation. It was therefore interesting to 
examine the expression of STC-1 in both white and brown fat tissue as well as in 
liposarcomas of different grades. To investigate the kinetics of STC-1 expression 
during adipogenesis, we used the 3T3-L1 preadipocyte cell line. This murine cell line 
can be induced to differentiate into mature adipocytes by treatment with an 
adipogenic cocktail (Green & Kehinde, 1979). 
2.1 Both white and brown fat express STC-1 
Immunohistochemical staining of sections from normal human white fat tissue 
revealed a strong expression of STC-1 in the scanty cytoplasm of mature adipocytes. 
Immunostaining of brown fat from benign hibernomas, likewise showed a strong 
positivity for STC-1. Co-staining of white fat tissue with antibodies to STC-1 and to 
the adipocyte marker perilipin, confirmed the localization of the STC-1 expression to 
mature adipocytes. 
2.2 STC-1 expression in liposarcomas 
Postmitotic adipocytes of mature fat tissue do not give rise to neoplasms, but the 
precursor cells, endowed with a capability of adipocyte differentiation, are considered 
the clonogenic pool of lipomas and liposarcomas. Immunostaining of sections from 
lipomas and from low-grade (grades 1 and 2) liposarcomas showed expression of 
STC-1. Polynucleated giant cells, frequently appearing in grade 3 liposarcomas also 
53
showed immunoreactivity for STC-1, while the surrounding sarcomatous spindle cells 
stained only weakly for STC-1. STC-1-expressing cells occurred only at a low 
frequency among the highly proliferative cells of grade 4 liposarcomas. 
2.3 Stc-1 mRNA appears as the majority of the 3T3-L1 fibroblasts acquire 
adipocyte morphology 
To study the kinetics of STC-1 expression in relation to adipocyte differentiation, we 
used 3T3-L1 cells. When confluent monolayers of these cells were treated with an 
adipogenic cocktail for 48 hours, and then transferred to fresh medium containing 
insulin, the cells started to accumulate lipid droplets that ultimately occupied most of 
the cytoplasm. After 7 days of induction, the majority of the cells displayed the 
phenotype of differentiated adipocytes, as shown by cytoplasmic triglyceride 
accumulation (Oil Red-O staining). Northern blot data on the kinetics of 3T3-L1 
differentiation revealed an Stc-1 transcript 4 days after the induction of adipocyte 
differentiation. 
Northern blot analysis of 3T3-L1 cells, induced to adipocyte differentiation, and of 
normal fat tissue, revealed a 4-kb and a faint 2-kb Stc-1 transcript. Uninduced 3T3-L1 
cells, on the other hand, did not express detectable amounts of Stc-1 mRNA. Western 
blotting and immunohistochemical staining confirmed the expression of both STC-1 
and perilipin in the induced 3T3-L1 cells. STC-1 showed a perinuclear staining, 
whereas perilipin coated the surface of the lipid droplets 
These results are in some respect contradictory to previous results. Paciga et al. 
reported the production of high molecular weight STC (big STC) in the theca and 
interstitial cells of mouse and bovine ovary (Paciga et al, 2002). In addition, they 
found evidence for sequestration of high molecular weight STC into luteal cells 
through a receptor-dependent process (Varghese et al, 1998). Like ovarian luteal cells, 
adrenocortical cells and adipocytes contain cholesterol/lipid storage droplets. Indeed, 
the characterization of big STC variants in both adipocytes and adrenocortical cells 
was recently reported (Paciga et al, 2005). In my study, I was not able to detect the 
variant sized STC. I have, however, merely determined the size of the STC-1 protein 
in 3T3-L1 cells, not in normal white or brown fat tissue. It is plausible that fat 
contains different splice variants of STC-1 in vivo. STC-1 is indeed expressed as a 4 
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kb and/or a 2 kb transcript in several tissues (Varghese et al, 1998). These might 
represent different splice variants of STC-1 as the case above indicates.  
The expression of STC-1 during adipogenesis closely resembles the pattern of STC-1 
expression, which was originally reported in neural cells (Zhang et al, 1998). During 
proliferation, fetal and embryonic neural cells displayed low or undetectable levels of 
STC-1, and a strong accumulation of STC-1 protein appeared during terminal neural 
differentiation in vivo and in vitro. Here I report high constitutive expression of STC-
1 in hormonally induced 3T3-L1 cells as well as in mature white and brown fat tissue. 
The co-localization of STC-1 and perilipin confirms the fact that STC-1 is expressed 
in adipocytes. Only a minority of proliferating cells in high-grade liposarcomas, on 
the other hand, expressed of STC-1.  
The transcriptional regulation of STC-1 expression during adipocyte differentiation 
remains to be clarified. There are, however, observations suggesting that 
environmental stress and/or a cell cycle block, rather than differentiation per se, 
upregulates STC-1 expression. Treatment of the neuronal Paju cells with hydroxyurea 
upregulated STC-1 expression in the absence of morphological evidence of 
differentiation (data not shown). Serum starvation (my own unpublished 
observations) and exposure of cells in vitro to high concentrations of calcium, 
hypoxia (Zhang et al, 2000) or extreme pH values (Bumke et al, 2003) also initiated 
STC-1 expression in neural cells or fibroblasts. 
I have also reported that megakaryocytes are the only hematopoietic cells with a high 
expression of STC-1 (Serlachius et al, 2004). The accumulation of STC-1 occurs 
concomitantly with the endomitotic polyploidisation, leading to a cell cycle arrest 
during megakaryopoiesis. It is tempting to suggest that similar mechanisms may be 
involved in the upregulated expression of STC-1 in the polyploidic cells in grade 3 
liposarcomas, as shown in this study. 
Not only is IL-6 important for megakaryocytopoiesis, but also for adipogenesis. 
Adipose tissue is a major source of circulating IL-6. This cytokine, a marker of 
adipocyte differentiation, is hormonally stimulated by catecholamines and insulin 
(Vicennati et al, 2002). Our adipogenic cocktail contained insulin, which may 
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subsequently have stimulated IL-6 production. Whether IL-6 in turn stimulates STC-1 
expression in adipocytes needs to be investigated. 
The expression of STC-1 in mature adipocytes also correlates with increased 
resistance to apoptosis of mature fat cells as compared with preadipocytes. 
Particularly under catabolic conditions, tumor necrosis factor alpha (TNF-α) induces 
apoptosis of preadipocytes, while terminally differentiated adipocytes appear to be 
more resistant to apoptosis induced by growth factor deprivation (Sorisky et al, 2000). 
Although this effect may preferentially be mediated by the upregulated expression of 
BCL-2 and NAIP, the contribution of STC-1 as an inhibitor of toxic calcium fluxes 
cannot be excluded. 
In summary, our findings show that STC-1 is strongly upregulated during terminal 
adipocyte maturation. In analogy with other tissues containing terminally 
differentiated cells, we suggest that STC-1 contributes to the survival of mature fat 
cells, which have lost their capacity of renewal. The expression of STC-1 may have 
bearings on attempts to therapeutically manipulate the homeostasis of fat tissue. 
  
3. IL-6−MEDIATED STC-1 EXPRESSION DURING HYPOXIC PRECONDITIONING IN 
BRAIN (III) 
Animals exposed for a few hours to hypoxia (8% oxygen) are relatively protected for 
several days against ischemic brain damage. This phenomenon, known as HOPC, 
depends on new RNA and protein synthesis, but its molecular mechanism is poorly 
understood.  
The cytokine IL-6 is evident, particularly in the lungs of animals subjected to HOPC 
(Yan et al, 1995). In addition, HOPC-induced IL-6 mediates cardioprotection (Dawn 
et al, 2004, Yamauchi-Takihara et al, 1995). These findings prompted us to 
investigate whether IL-6 mediates the expression of the neuroprotective STC-1 in 
HOPC.   
56
3.1 Hypoxic preconditioning induces Stc-1 expression in brain 
We exposed adult mice to 8% oxygen for 6 hours. After various times of re-
oxygenation in normal air, we collected brain hemispheres and quantified Stc-1
mRNA expression. Upregulated expression of Stc-1 mRNA was evident already 
during the hypoxic period and declined gradually during 48 hours. The kinetics of 
induced Stc-1 expression followed that of erythropoietin (Epo), a well-known HOPC-
responsive gene (Prass et al, 2003). In situ hybridization confirmed the previously 
observed (Zhang et al, 1998) neuronal localization of Stc-1 expression in hypoxic 
brain. 
3.2 Treatment of Paju cells with IL-6 upregulates STC-1 expression 
Given that IL-6 mediates neuroprotective activity, and elevated levels of IL-6 are 
evident in animals exposed to HOPC, we investigated the role of IL-6 in the induction 
of STC-1 expression. The human neural cell line Paju was treated with recombinant 
IL-6, which induced dose-dependent upregulation of STC-1 mRNA levels with a 
maximum at 9 hours, followed by a decline to background levels at 24 hours. The 
concentration of IL-6 giving maximum stimulation was 2.5 ng/ml, i.e. a concentration 
comparable to serum levels of IL-6, recorded in an in vivo experimental mouse CNS 
ischemia model (Clark et al, 1999). Notably, exposure of Paju cells to hypoxia 
overnight did not, however, directly induce increased STC-1 expression (data not 
shown).  
3.3 IL-6 activates STC-1 through the MAPK pathway 
Cytokines of the IL-6 family bind to their subtype-specific soluble or membrane-
associated α-receptor. The complex that is formed interacts with the common 
transmembrane β-receptor protein gp130, which signals through the STAT3, MAPK, 
or PI3K pathway, or via a combination of these (Kamimura et al, 2003). Treatment 
with the MAP kinase kinase (MEK) inhibitor PD98059 completely blocked the IL-
6−induced STC-1 response in Paju cells. AG490, an inhibitor of JAK2 that blocks 
activation of STAT3, showed an intermediate inhibitory effect on the upregulation of 
STC-1 by IL-6. This may be explained by the suggested crosstalk occurring between 
the STAT3 and MAP kinase pathways (Heinrich et al, 2003). The PI3K inhibitor 
Wortmannin failed to influence the increase of STC-1 mRNA levels by IL-6. These 
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findings show that IL-6−induced STC-1 expression in Paju cells is dependent on the 
MAPK signaling pathway, but that some degree of regulation is also directed through 
the STAT3 pathway. 
3.4 Stronger STC-1 response after induced brain injury in GFAP-IL6 mice 
To study the interplay between IL-6 and STC-1 expression in vivo, we used mice with 
transgenic overexpression of IL-6 targeted to the CNS astroglia under the control of 
the GFAP gene promoter (GFAP-IL6 mice). We extracted mRNA from brains of 
GFAP-IL6 mice and WT controls before and 24 hours after induction of a focal brain 
injury. Brains of GFAP-IL6 mice showed a higher constitutive expression of Stc-1
mRNA than did the brains of WT mice. Both GFAP-IL6 and WT mice upregulated 
brain Stc-1 mRNA 24 hours after induced focal brain injury, but this response was 
strongly enhanced in the GFAP-IL6 mice. When sections from a GFAP-IL6 mouse 
brain and from a control (WT) mouse brain, mounted on the same slide, were 
immunohistochemically stained for STC-1, the GFAP-IL6 mice revealed a stronger 
staining for STC-1, particularly in the large pyramidal neurons of the parafrontal 
cortex.  
3.5 Lack of enhanced Stc-1 induction in IL-6 deficient mice 
Our results show a transient Il-6 mRNA increase in WT mouse brains after exposure 
to hypoxia. To further substantiate the regulatory influence of IL-6 on Stc-1
expression, we exposed Il-6-/- mice to HOPC and quantified the induction of Stc-1
mRNA in the brain. HOPC that induced elevated Stc-1 mRNA in the brains of WT 
mice did not elicit a measurable Stc-1 response in the brains of the Il-6-/- mice. Brains 
from both WT mice and Il-6-/- mice, not exposed to hypoxia, however, showed similar 
levels of Stc-1 mRNA, indicating that IL-6 is not required for the constitutive 
expression of STC-1 in brain neurons. The Epo response in Il-6-/- mice was similar to 
that measured in WT mice, confirming that the two groups experienced similar 
hypoxic stress. 
Although the molecular pathways by which IL-6 mediates neuroprotection have 
received much attention, the molecular mechanism still remains incompletely 
understood. Here we show that IL-6−mediated expression of STC-1 is a molecular 
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mechanism of HOPC-induced tolerance to brain ischemia. Interestingly, our recent 
results (data not shown) show that the damaged area in the brain of WT mice is 
reduced if the mice are exposed to HOPC before middle cerebral artery 
occlusion/reperfusion (MCAO). Interestingly, HOPC does not reduce the size of 
damage caused by MCAO in the brain of Stc-1-/- mice. This finding confirms the fact 
that STC-1 indeed is one of the proteins responsible for the protective actions of 
HOPC. 
Activation of HIF-1 is a well-established response to HOPC (Semenza, 2000). This 
transcription factor induces Stc-1 expression in nasopharyngeal cancer cells subjected 
to oxygen deprivation (Yeung et al, 2005). Other hypoxia-inducible transcription 
factors include nuclear factor for IL-6 (NF-IL6), the transcription factor for IL-6 
(Cummins & Taylor, 2005). Enhanced activity of NF-IL6, in response to hypoxia, 
occurs in heart, lung, and kidney, but not in the liver (Yan et al, 1995), suggesting 
tissue specific regulation. Our present data show that induction of Stc-1 expression in 
the brain, following HOPC, is under the control of IL-6 since hypoxia fails to 
upregulate Stc-1 in brains of Il-6-/- mice under conditions in which transcription of the 
HIF-1 target gene Epo is fully activated (Prass et al, 2003). 
Astrocytes produce IL-6 under hypoxic conditions in vitro (Lau & Yu, 2001, Maeda 
et al, 1994). We show here that a transient increase in Il-6 mRNA is evident in brains 
of WT mice after exposure to hypoxia. Moreover, an accumulation of IL-6 in the 
lungs of mice kept in low oxygen is evident (Yan et al, 1995). As IL-6 is known to 
penetrate the blood-brain barrier (Banks et al, 1994), the lungs may represent an 
additional source of IL-6 that upregulates the Stc-1 expression in the brain and also in 
other organs sensitive to ischemic damage. 
Our findings may have therapeutic implications for the management of stroke. It is 
noteworthy that physical exercise, inducing elevated serum levels of IL-6 also confers 
protection against neurodegenerative disorders like Alzheimer's disease (Larson et al, 
2006, Rovio et al, 2005). Regular exercise also has a beneficial effect on disease 
progression in a mouse model of amyotrophic lateral sclerosis (ALS) (Kaspar et al, 
2005). Induction of elevated expression of STC-1 in neurons may be a mediator in 
these events. 
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4. HYPOXIC PRECONDITIONING INDUCES ELEVATED EXPRESSION OF STC-1 IN THE 
HEART (IV) 
HOPC induces cardioprotective effects that occur in a biphasic manner; the first phase 
developing within minutes and lasting for up to a few hours (early preconditioning), 
and the second phase being delayed for 12-24 hours and lasting for 3 to 4 days (late 
preconditioning) (Kuzuya et al, 1993, Marber et al, 1993). Since our recent data 
shows that Stc-1 expression in brain is upregulated through IL-6 signaling 
(publication III) after hypoxia, we attempted to clarify whether IL-6−mediated STC-1 
is involved in the protective effects of HOPC in heart, as well. 
STC-1 is physiologically expressed in the mammalian myocardium (Sheikh-Hamad et 
al, 2003). Given that hypoxic stress induces IL-6 (Yamauchi-Takihara et al, 1995), we 
treated HL-1 cardiomyocyte cells with hypoxia or IL-6 and measured the induction of 
Stc-1 mRNA. Wild-type mice and IL-6 deficient mice were kept in hypoxic 
conditions (8% O2) for 6 hours. Myocardial Stc-1 mRNA expression was quantified 
during hypoxia and after recovery for up to 48 hours. 
4.1 Exposure of mice to hypoxia induces upregulated expression of Stc-1 in the 
heart 
We exposed mice to 8% oxygen for 6 hours. After various times of reoxygenation in 
normal air, we collected heart tissue and quantified Stc-1 mRNA expression. 
Upregulated expression of Stc-1 mRNA was evident immediately during the period of 
hypoxia, with a rapid decline to background levels within 6 hours of recovery in 
normoxia. Thereafter a second phase of increased Stc-1 expression occurred, reaching 
a maximum at 48 hours post-hypoxia, and declining to control levels at 72 hours. To 
put Stc-1 into context with other known hypoxia-responsive genes, we analyzed the 
kinetics of Vegf expression in the same samples. Similarly to Stc-1, Vegf showed a 
biphasic response with an immediate early peak followed by a delayed late response. 
Furthermore, in situ hybridization localized the Stc-1 expression mainly to 
cardiomyocytes. 
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4.2 Reduced primary and lack of secondary Stc-1 induction by HOPC in Il-6-/-
mice 
IL-6 is a mediator of the late HOPC effect observed in myocardium (Dawn et al, 
2004). To investigate the role of IL-6 for the in vivo upregulation of Stc-1 in the heart 
following HOPC, we exposed Il-6-/- mice to 8% oxygen for 6 hours. The expression of 
Stc-1 mRNA was quantified at the time points that gave maximum responses in WT 
mice (during hypoxia, and 48 hours after reoxygenation). HOPC induced an early Stc-
1 response in the hearts of Il-6-/- mice. The Stc-1 expression, however, remained at a 
lower level than that observed in the hearts of WT mice, indicating a partial 
requirement for IL-6 signaling in the primary induction of Stc-1. A similarly altered 
response of Vegf to HOPC was observed in Il-6-/- mice. The second peak of Stc-1
induction at 48 hours was absent, as was the Vegf response, in the hearts of the Il-6-/-
mice, indicating the requirement for IL-6 in the late phase of Stc-1 induction by 
HOPC . 
4.3 Oxygen deprivation induces Stc-1 in cardiac myocytes in vitro
To investigate whether expression of Stc-1 is directly regulated by hypoxia in 
myocardial cells, we cultured the cardiomyocyte cell line HL-1 in a 99.5% nitrogen 
atmosphere for 6 hours, after which the cells were returned to normal culture 
conditions. We observed an increased Stc-1 expression within 6 hours, followed by a 
return to control levels at 17 hours. The kinetics of the Stc-1 response followed the 
pattern of Vegf expression, another classical hypoxia responsive gene. The Stc-1 and 
Vegf responses followed identical time courses, suggesting similar mechanisms of 
regulation. Immunohistochemical staining of HL-1 cells with rabbit antibodies to 
STC-1 showed that hypoxia induced an increased cytoplasmic accumulation of STC-1 
protein with a granular distribution. 
4.4. IL-6 induces elevated Stc-1 expression in HL-1 cardiomyocytes 
Treatment of HL-1 cells with IL-6 (5 ng/ml) induced increased Stc-1 expression that 
reached a maximum at 6 hours and gradually declined during the following 48 hours. 
4.5 Mitochondrial localization of STC-1 
To further characterize the subcellular localization of STC-1, we transfected HL-1 
cells with STC-1 cDNA containing a carboxy terminus FLAG sequence. Co-staining 
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of the transfected cells with a monoclonal antibody to FLAG and with MitoTracker 
revealed a co-distribution, demonstrating mitochondrial targeting of expressed STC-1. 
I present here findings demonstrating that HOPC induces elevated expression of Stc-1 
in the heart with IL-6 as a key-signaling molecule. The initial Stc-1 response that 
occurred within a few hours of hypoxic stress appeared to be partially dependent on 
IL-6 signaling, since an Stc-1 response of lower magnitude but with similar timing as 
in WT mice was observed in the hearts of Il-6-/- mice. Exposure of HL-1 cells to 
hypoxia in vitro also induced a rapid Stc-1 response without measurable induction of 
IL-6 (data not shown). This indicates that other signaling pathways contribute to the 
induction of rapid Stc-1 responses during hypoxia. There is a HIF-dependent increase 
in Stc-1 expression in nasopharyngeal cancer cells (Yeung et al, 2005). Hence it is 
tempting to suggest that HIF-dependent pathways may contribute to the early Stc-1
response to hypoxia in cardiomyocytes, as well. The later Stc-1 response to HOPC 
occurred after 24-48 hours. This delayed peak of Stc-1 response was nevertheless 
absent from the hearts of Il-6-/- mice exposed to HOPC, and therefore appears to 
depend on IL-6 signaling. Cultures of rat cardiomyocytes were subjected to 15 
minutes of ischemia followed by reperfusion (Chandrasekar et al, 1999). An 
upregulated expression of IL-6 and IL-6R within one hour of reperfusion was evident, 
and the levels remained elevated for up to 6 hours. This time course coincides with 
the first window of protection associated with preconditioning. In addition, 30 
minutes of ischemia followed by reperfusion of rat myocardial cells induced elevated 
IL-6 gene expression on days two and three after reperfusion (Roy et al, 2006). This 
coincides with the second window of protection following HOPC. These results are in 
agreement with our findings, indicating a key role of IL-6 for both windows of 
protection by HOPC.  
Hypoxic stress induces IL-6 expression also in extracardiac organs and tissues, i.e. in 
lung and kidney. One might speculate that the contribution of IL-6 to the early Stc-1
response occurs in an auto- or paracrine manner, while circulating IL-6 induces the 
later response. However, the relative contributions of the different sources of IL-6 to 
the induction of Stc-1 expression after HOPC need to be established. 
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In summary, the induction of cardiac STC-1 expression by HOPC described here 
represents a novel molecular pathway that may be exploited for the prevention and 
management of ischemic heart damage.
This study adds IL-6−mediated STC-1 to the mechanisms behind hypoxia-induced 
cytoprotection. As shown in Figure 7, we suggest that IL-6, activated by the 
transcription factors NF-IL6, NFκB or HIF-1 in response to hypoxia, induces 
cytoprotection, mediated by STC-1. Alternatively, STC-1−mediated cytoprotection 
may be directly induced by HIF-1.
Figure 7. Hypothetical role of IL-6 and STC-1 in hypoxia-induced cytoprotection. 
Our findings are in bold. Modified from (Ran et al, 2005, Sharp & Bernaudin, 2004). 
 MTF-1             NF-IL6    NFκB     HIF-1            HIF-1                   EGR-1,CREB,NFκB 
STC-1
   Mt-1                   Il-6                     Il-6     Epo    Vegf   others      Vegf       others
Cytoprotection 
Hypoxia 
Transcription 
factor: 
Target gene:
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CONCLUDING REMARKS 
Here I present novel data showing that there is an inter-relationship between 
terminally differentiated cells and STC-1 expression. In addition, my results reveal 
that STC-1 gene expression is regulated by IL-6 under hypoxic stress, possibly 
through the MAPK signaling pathway. With these results at hand it is tempting to 
speculate that IL-6 regulates STC-1 expression in postmitotic megakaryocytes and 
adipocytes, as well. Indeed, IL-6 plays an important role in both megakaryocyte 
(Baatout, 1996) and adipocyte differentiation (Harkins et al, 2004).  
My results play the groundwork to now address the mechanism by which STC-1 
confers cytoprotection. Although STC-1 deficient mice do not show an abnormal 
phenotype (Chang et al, 2005), accumulated data nevertheless indicate that STC-1 
plays a cytoprotective role in postmitotic cells and during induced stress, such as 
hypercalcemia and hypoxia. My colleagues have previously found that upregulated 
expression of STC-1 increases the resistance to hypoxic and oxidative stress, and 
protects against toxicity induced by mobilization of intracellular calcium with 
thapsigargin (Zhang et al, 2000). Moreover, human neural Paju cells transfected with 
STC-1 cDNA maintain an increased ATP-synthesis in the presence of CoCl2 and 
show increased survival as compared to mock-transfected cells (Zhang et al, 2000). 
Treatment of cultured rat cardiomyocytes with STC-1 slowed their beating rate and 
lowered the rise in intracellular calcium, indicating that STC-1 acts as a reversible 
blocker of transmembrane calcium currents through L-type channels (Sheikh-Hamad 
et al, 2003). A recent report showed that pre-treatment of neonatal rat cardiomyocytes 
with IL-6 caused a significant decrease in the amplitude of their Ca2+ oscillations 
(Smart et al, 2006). In the light of our present findings, it appears that this effect 
might be mediated through IL-6−induced STC-1 expression. Taken together, these 
findings indicate that through evolution, from fish to man, STC-1 has preserved some 
of its role as a regulator of calcium homeostasis. 
McCudden et al. first reported binding of STC-1 to the inner membrane of 
mitochondria. They also presented evidence that treatment with recombinant STC-1 
protein induced enhanced electron transport in sub-mitochondrial particles 
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(McCudden et al, 2002). We have previously shown that a high expression of STC-1 
may confer increased resistance of the mitochondrial membrane potential to bacterial 
toxins, mediating potassium ionophore effects (Teplova et al, 2004). Here I 
demonstrate that most of the ectopic expression of STC-1 in HL-1 cells is targeted at 
mitochondria. Pre-treatment of cultured rat cardiomyocytes with IL-6 induced 
functional resistance to hypoxic stress in the mitochondria (Smart et al, 2006). Given 
that IL-6 strongly induces STC-1 expression, this is of particular interest since 
treatment of mitochondria with recombinant STC-1 protein induces mild uncoupling 
(Ellard et al, 2007). Altered mitochondrial metabolism, and in particular uncoupling, 
has been implicated as a central functional mechanism behind HOPC-induced 
cardioprotection (Chen et al, 2007, Sack, 2006). Taken together, these observations 
suggest that STC-1 may improve cell survival under stressful conditions by 
contributing to the maintenance of the mitochondrial function i.e. the energy 
synthesis, and/or by inducing the respiratory uncoupling effects suggested to 
contribute to the protection induced by HOPC (Minners et al, 2001). 
I present here an intracellular STC-1 cytoprotection model (Figure 8) suggesting that 
STC-1 exerts its cytoprotective action in the cell in which it is synthesized rather than 
as an autocrine/paracrine hormone as suggested in the sequestering hypothesis by 
Wong and colleagues (Wong et al, 1998). This does not rule out the possibility of 
STC-1 being secreted and acting in an autocrine/paracrine fashion, but nevertheless, 
requires the cloning of the STC-1 receptor. 
We have identified STC-1 as a protein essential for the maintenance and protection of 
terminally differentiated cells. This is of great importance for many fundamental 
biological processes. IL-6−mediated STC-1 expression represents a novel molecular 
pathway, which is an important area for future research and may lead to the 
development of novel therapeutic approaches to stroke, cancer, obesity, and metabolic 
disorders, to name a few. 
65
Fi
gu
re
 8
.P
re
se
n
ta
tio
n
 
o
f t
he
 in
tr
ac
el
lu
la
r 
ST
C-
1 
cy
to
pr
ot
ec
tio
n
 
m
o
de
l. 
St
re
ss
fu
l c
o
n
di
tio
n
s,
 
ce
ll 
cy
cl
e 
bl
o
ck
,
 
gr
ow
th
 
ar
re
st
,
 
o
r 
po
ss
ib
ly
 
di
ffe
re
n
tia
tio
n
 in
du
ce
 
ST
C-
1 
ex
pr
es
sio
n
,
 
le
ad
in
g 
to
 
cy
to
pr
ot
ec
tio
n
.
 
In
 
re
sp
on
se
 
to
 
an
y 
o
f t
he
st
im
u
li 
m
en
tio
n
ed
 a
bo
ve
 IL
-
6 
ex
pr
es
sio
n
 
is 
in
du
ce
d 
(1a
). 
IL
-6
 
is 
ei
th
er
 
ac
tiv
at
in
g 
th
e 
sa
m
e 
ce
ll 
(2a
) 
o
r 
th
e 
ad
jac
en
t 
(2b
) t
hr
o
u
gh
 
its
 
re
ce
pt
or
 c
om
pl
ex
.
 
Th
e 
sig
na
lin
g
o
cc
u
rs
 
m
ai
nl
y 
th
ro
ug
h 
th
e 
M
A
PK
 
pa
th
w
ay
 
(3)
 an
d 
in
du
ce
s 
ST
C-
1 
ex
pr
es
sio
n
 
(4a
). 
A
lte
rn
at
iv
el
y 
ST
C-
1 
ex
pr
es
sio
n
 
m
ay
 
be
 
m
ed
ia
te
d 
by
 
H
IF
-1
 (4
b).
 S
TC
-
1 
is 
lo
ca
liz
ed
 
to
 
m
ito
ch
o
n
dr
ia
 (5
a) 
an
d/
o
r 
se
cr
et
ed
 fr
o
m
 
th
e 
ce
ll 
ex
ce
rt
in
g 
its
 a
ct
io
n
s 
th
ro
u
gh
 a
 
pu
ta
tiv
e 
ST
C-
1 
re
ce
pt
or
 (5
b) 
in 
an
 
au
to
cr
in
e/
pa
ra
cr
in
e 
m
an
n
er
. 
Ev
en
tu
al
ly
 
ST
C-
1 
is 
co
n
fe
rri
ng
 
cy
to
pr
ot
ec
tio
n 
(6)
 by
 
m
ec
ha
n
is
m
s 
su
gg
es
te
d 
to
 
in
v
o
lv
e 
th
e 
m
ito
ch
o
n
dr
ia
. I
n
 
ad
di
tio
n
,
 
ST
C-
1 
ex
pr
es
sio
n
 
m
ig
ht
 
tr
ig
ge
r t
he
 p
ro
ce
ss
 
o
f t
er
m
in
al
 
di
ffe
re
n
tia
tio
n 
(7)
. T
he
 a
n
im
al
 c
el
l i
s m
o
di
fie
d 
fro
m
 
w
w
w
.
bi
ol
o
gy
co
rn
er
.c
o
m
/b
io
1/
ce
ll.
ht
m
l.
66
ACKNOWLEDGEMENTS 
This study was conducted during the years 2000-2007 at the Department of Pathology, 
Haartman Institute, University of Helsinki. I would like to express my appreciation to Erkki 
Hölttä, Sakari Knuutila, Veli-Pekka Lehto, Eero Lehtonen, Eero Saksela, and Antti Vaheri for 
providing excellent research facilities. I also want to acknowledge the Helsinki Biomedical 
Graduate School for financial support and for organizing useful courses and seminars. 
I am most grateful to my supervisor Professor Leif C. Andersson for his keen and skilful 
guidance throughout this study. It has been a privilege to work in the lab of such a 
distinguished scientist. Leif, I admire your drive and humorous attitude towards life! 
I also extend my deepest gratitude to my thesis committee follow-up members Professor Carl 
G. Gahmberg and Professor Pertti Panula for constructive comments and encouragement. 
Professor Pertti Panula and Professor Frej Stenbäck have earned my appreciation for kindly 
and professionally reviewing my thesis manuscript. 
Terttu Kauste is warmly acknowledged for the rapid proof-reading of my thesis manuscript. 
I am particularly indebted to my co-authors Riitta Alitalo, Juan Hidalgo, Petri Lankila, Henrik 
S. Olsen, Milena Penkowa, and Johan Westberg for invaluable contribution. 
Especially I would like to thank Kezhou Zhang. You were an irreplaceable coach during my 
first year in the lab. With enthusiasm you introduced me to the exciting field of stanniocalcin. 
Your inspiring personality made an impact on me and was truly an asset for the lab. 
A warm hug goes to all my colleagues and co-workers for many inspiring years. I am most 
grateful to Johan for fruitful collaboration. I appreciate your endless patience and humor! 
Tiiu, Anu, Anna, Irina, and Ulla; I am humbly grateful for your generous and unselfish 
technical support. I want to thank, in particular, Laura, Linda, Meerit, and Krisse for your 
friendship and for many unforgettable laughs! Laura and Meerit deserve an extra hug for all 
their support and coaching concerning my thesis. Emmie, Hesham, Kristiina, Kukka, Marja, 
Petri, and Päivi − I thank you each individually for your help and support and for keeping up 
the spirit. 
Zhao Fang, Johan Lundin, and Tapio Tainola are acknowledged for their expertise and 
friendly assistance concerning confocal microscopy, statistics, and DNA-sequencing. 
My uncle, Professor Jim Schröder, deserves my very special thanks for introducing research 
to me in 1996. It has been a privilege having you as my mentor! Your guidance and vast 
knowledge have been truly invaluable through the years. 
My mother Stephanie and my father Fredrik deserve an enormous embrace for their 
unconditional love and support.  
I am most grateful to my parents-in-law for their unselfih helping hand all round the clock.  
Above all, I owe my family TIME. Thank you Macke for your sincere love and for reminding 
me that life is not that serious, after all. Naema and Leo, you are my energy resource and the 
sunshine of my life! 
September 6, 2007 
67
REFERENCES 
Aida K, Nishioka RS, & Bern HA (1980) Degranulation of the stannius corpuscles of coho salmon 
(Oncorhynchus kisutch) in response to ionic changes in vitro. Gen Comp Endocrinol 41: 305-313 
Akakura N, Kobayashi M, Horiuchi I, Suzuki A, Wang J, Chen J, Niizeki H, Kawamura K, Hosokawa 
M, & Asaka M (2001) Constitutive expression of hypoxia-inducible factor-1alpha renders pancreatic 
cancer cells resistant to apoptosis induced by hypoxia and nutrient deprivation. Cancer Res 61: 6548-
6554 
Ali C, Nicole O, Docagne F, Lesne S, MacKenzie ET, Nouvelot A, Buisson A, & Vivien D (2000) 
Ischemia-induced interleukin-6 as a potential endogenous neuroprotective cytokine against NMDA 
receptor-mediated excitotoxicity in the brain. J Cereb Blood Flow Metab 20: 956-966 
Alitalo R (1990) Induced differentiation of K562 leukemia cells: a model for studies of gene 
expression in early megakaryoblasts. Leuk Res 14: 501-514 
Amemiya Y, Marra LE, Reyhani N, & Youson JH (2002) Stanniocalcin from an ancient teleost: a 
monomeric form of the hormone and a possible extracorpuscular distribution. Mol Cell Endocrinol
188: 141-150 
Andersson LC, Jokinen M, & Gahmberg CG (1979) Induction of erythroid differentiation in the human 
leukaemia cell line K562. Nature 278: 364-365 
Asemu G, Papousek F, Ostadal B, & Kolar F (1999) Adaptation to high altitude hypoxia protects the 
rat heart against ischemia-induced arrhythmias. Involvement of mitochondrial K(ATP) channel. J Mol 
Cell Cardiol 31: 1821-1831 
Baatout S (1996) Interleukin-6 and megakaryocytopoiesis: an update. Ann Hematol 73: 157-162 
Baccini V, Roy L, Vitrat N, Chagraoui H, Sabri S, Le Couedic JP, Debili N, Wendling F, & 
Vainchenker W (2001) Role of p21(Cip1/Waf1) in cell-cycle exit of endomitotic megakaryocytes. 
Blood 98: 3274-3282 
Baker JE, Contney SJ, Gross GJ, & Bosnjak ZJ (1997a) KATP channel activation in a rabbit model of 
chronic myocardial hypoxia. J Mol Cell Cardiol 29: 845-848 
Baker JE, Curry BD, Olinger GN, & Gross GJ (1997b) Increased tolerance of the chronically hypoxic 
immature heart to ischemia. Contribution of the KATP channel. Circulation 95: 1278-1285 
Banks WA, Kastin AJ, & Gutierrez EG (1994) Penetration of interleukin-6 across the murine blood-
brain barrier. Neurosci Lett 179: 53-56 
Bell SE, Mavila A, Salazar R, Bayless KJ, Kanagala S, Maxwell SA, & Davis GE (2001) Differential 
gene expression during capillary morphogenesis in 3D collagen matrices: regulated expression of genes 
involved in basement membrane matrix assembly, cell cycle progression, cellular differentiation and 
G-protein signaling. J Cell Sci 114: 2755-2773 
Bergeron M, Gidday JM, Yu AY, Semenza GL, Ferriero DM, & Sharp FR (2000) Role of hypoxia-
inducible factor-1 in hypoxia-induced ischemic tolerance in neonatal rat brain. Ann Neurol 48: 285-296 
Bernaudin M, Nedelec AS, Divoux D, MacKenzie ET, Petit E, & Schumann-Bard P (2002a) 
Normobaric hypoxia induces tolerance to focal permanent cerebral ischemia in association with an 
increased expression of hypoxia-inducible factor-1 and its target genes, erythropoietin and VEGF, in 
the adult mouse brain. J Cereb Blood Flow Metab 22: 393-403 
Bernaudin M, Tang Y, Reilly M, Petit E, & Sharp FR (2002b) Brain genomic response following 
hypoxia and re-oxygenation in the neonatal rat. Identification of genes that might contribute to 
hypoxia-induced ischemic tolerance. J Biol Chem 277: 39728-39738 
68
Bernlohr DA, Bolanowski MA, Kelly TJ,Jr, & Lane MD (1985) Evidence for an increase in 
transcription of specific mRNAs during differentiation of 3T3-L1 preadipocytes. J Biol Chem 260: 
5563-5567 
Bissonnette CJ, Klegeris A, McGeer PL, & McGeer EG (2004) Interleukin 1alpha and interleukin 6 
protect human neuronal SH-SY5Y cells from oxidative damage. Neurosci Lett 361: 40-43 
Bonga SEWaP,P.K.T. (1991) Control of calcium regulating hormones in the vertebrates: parathyroid 
hormone, calcitonin, prolactin, and stanniocalcin. Int Rev Cytol 128: 139-213 
Bouras T, Southey MC, Chang AC, Reddel RR, Willhite D, Glynne R, Henderson MA, Armes JE, & 
Venter DJ (2002) Stanniocalcin 2 is an estrogen-responsive gene coexpressed with the estrogen 
receptor in human breast cancer. Cancer Res 62: 1289-1295 
Brook CG, Lloyd JK, & Wolf OH (1972) Relation between age of onset of obesity and size and 
number of adipose cells. Br Med J 2: 25-27 
Brucklacher RM, Vannucci RC, & Vannucci SJ (2002) Hypoxic preconditioning increases brain 
glycogen and delays energy depletion from hypoxia-ischemia in the immature rat. Dev Neurosci 24: 
411-417 
Bumke MA, Neri D, & Elia G (2003) Modulation of gene expression by extracellular pH variations in 
human fibroblasts: a transcriptomic and proteomic study. Proteomics 3: 675-688 
Campbell IL, Abraham CR, Masliah E, Kemper P, Inglis JD, Oldstone MB, & Mucke L (1993) 
Neurologic disease induced in transgenic mice by cerebral overexpression of interleukin 6. Proc Natl 
Acad Sci U S A 90: 10061-10065 
Carmeliet P, Dor Y, Herbert JM, Fukumura D, Brusselmans K, Dewerchin M, Neeman M, Bono F, 
Abramovitch R, Maxwell P, Koch CJ, Ratcliffe P, Moons L, Jain RK, Collen D, & Keshert E (1998) 
Role of HIF-1alpha in hypoxia-mediated apoptosis, cell proliferation and tumour angiogenesis. Nature
394: 485-490 
Chandrasekar B, Mitchell DH, Colston JT, & Freeman GL (1999) Regulation of CCAAT/Enhancer 
binding protein, interleukin-6, interleukin-6 receptor, and gp130 expression during myocardial 
ischemia/reperfusion. Circulation 99: 427-433 
Chang AC, Cha J, Koentgen F, & Reddel RR (2005) The murine stanniocalcin 1 gene is not essential 
for growth and development. Mol Cell Biol 25: 10604-10610 
Chang AC, Dunham MA, Jeffrey KJ, & Reddel RR (1996) Molecular cloning and characterization of 
mouse stanniocalcin cDNA. Mol Cell Endocrinol 124: 185-187 
Chang AC, Janosi J, Hulsbeek M, de Jong D, Jeffrey KJ, Noble JR, & Reddel RR (1995) A novel 
human cDNA highly homologous to the fish hormone stanniocalcin. Mol Cell Endocrinol 112: 241-
247 
Chang AC, Jeffrey KJ, Tokutake Y, Shimamoto A, Neumann AA, Dunham MA, Cha J, Sugawara M, 
Furuichi Y, & Reddel RR (1998) Human stanniocalcin (STC): genomic structure, chromosomal 
localization, and the presence of CAG trinucleotide repeats. Genomics 47: 393-398 
Chang AC, Jellinek DA, & Reddel RR (2003) Mammalian stanniocalcins and cancer. Endocr Relat 
Cancer 10: 359-373 
Chang AC & Reddel RR (1998) Identification of a second stanniocalcin cDNA in mouse and human: 
stanniocalcin 2. Mol Cell Endocrinol 141: 95-99 
Chen Q, Camara AK, Stowe DF, Hoppel CL, & Lesnefsky EJ (2007) Modulation of electron transport 
protects cardiac mitochondria and decreases myocardial injury during ischemia and reperfusion. Am J 
Physiol Cell Physiol 292: C137-47 
69
Clark WM, Rinker LG, Lessov NS, Hazel K, & Eckenstein F (1999) Time course of IL-6 expression in 
experimental CNS ischemia. Neurol Res 21: 287-292 
Claycomb WC, Lanson NA,Jr, Stallworth BS, Egeland DB, Delcarpio JB, Bahinski A, & Izzo NJ,Jr 
(1998) HL-1 cells: a cardiac muscle cell line that contracts and retains phenotypic characteristics of the 
adult cardiomyocyte. Proc Natl Acad Sci U S A 95: 2979-2984 
Cummins EP & Taylor CT (2005) Hypoxia-responsive transcription factors. Pflugers Arch 450: 363-
371 
Dawn B, Xuan YT, Guo Y, Rezazadeh A, Stein AB, Hunt G, Wu WJ, Tan W, & Bolli R (2004) IL-6 
plays an obligatory role in late preconditioning via JAK-STAT signaling and upregulation of iNOS and 
COX-2. Cardiovasc Res 64: 61-71 
De Niu P, Radman DP, Jaworski EM, Deol H, Gentz R, Su J, Olsen HS, & Wagner GF (2000) 
Development of a human stanniocalcin radioimmunoassay: serum and tissue hormone levels and 
pharmacokinetics in the rat. Mol Cell Endocrinol 162: 131-144 
Deol HK, Varghese R, Wagner GF, & Dimattia GE (2000) Dynamic regulation of mouse ovarian 
stanniocalcin expression during gestation and lactation. Endocrinology 141: 3412-3421 
DiMattia GE, Varghese R, & Wagner GF (1998) Molecular cloning and characterization of 
stanniocalcin-related protein. Mol Cell Endocrinol 146: 137-140 
Ellard JP, McCudden CR, Tanega C, James KA, Ratkovic S, Staples JF, & Wagner GF (2007) The 
respiratory effects of stanniocalcin-1 (STC-1) on intact mitochondria and cells: STC-1 uncouples 
oxidative phosphorylation and its actions are modulated by nucleotide triphosphates. Mol Cell 
Endocrinol 264: 90-101 
Emerson MR, Samson FE, & Pazdernik TL (2000) Effects of hypoxia preconditioning on expression of 
metallothionein-1,2 and heme oxygenase-1 before and after kainic acid-induced seizures. Cell Mol Biol 
(Noisy-le-grand) 46: 619-626 
Englander EW, Greeley GH,Jr, Wang G, Perez-Polo JR, & Lee HM (1999) Hypoxia-induced 
mitochondrial and nuclear DNA damage in the rat brain. J Neurosci Res 58: 262-269 
Filvaroff EH, Guillet S, Zlot C, Bao M, Ingle G, Steinmetz H, Hoeffel J, Bunting S, Ross J, Carano 
RA, Powell-Braxton L, Wagner GF, Eckert R, Gerritsen ME, & French DM (2002) Stanniocalcin 1 
alters muscle and bone structure and function in transgenic mice. Endocrinology 143: 3681-3690 
Fontaine M (1964) Stannius' corpuscles and ionic (Ca, K, Na) of the interior environment of the eel 
(Anguilla anguilla L.). C R Hebd Seances Acad Sci 259: 875-878 
Forsythe JA, Jiang BH, Iyer NV, Agani F, Leung SW, Koos RD, & Semenza GL (1996) Activation of 
vascular endothelial growth factor gene transcription by hypoxia-inducible factor 1. Mol Cell Biol 16: 
4604-4613 
Franzen AM, Zhang KZ, Westberg JA, Zhang WM, Arola J, Olsen HS, & Andersson LC (2000) 
Expression of stanniocalcin in the epithelium of human choroid plexus. Brain Res 887: 440-443 
Gadient RA & Otten UH (1997) Interleukin-6 (IL-6)--a molecule with both beneficial and destructive 
potentials. Prog Neurobiol 52: 379-390 
Gage AT & Stanton PK (1996) Hypoxia triggers neuroprotective alterations in hippocampal gene 
expression via a heme-containing sensor. Brain Res 719: 172-178 
Gagliardi AD, Kuo EY, Raulic S, Wagner GF, & DiMattia GE (2005) Human stanniocalcin-2 exhibits 
potent growth-suppressive properties in transgenic mice independently of growth hormone and IGFs. 
Am J Physiol Endocrinol Metab 288: E92-105 
70
Gerritsen ME, Soriano R, Yang S, Ingle G, Zlot C, Toy K, Winer J, Draksharapu A, Peale F, Wu TD, 
& Williams PM (2002) In silico data filtering to identify new angiogenesis targets from a large in vitro 
gene profiling data set. Physiol Genomics 10: 13-20 
Gerritsen ME & Wagner GF (2005) Stanniocalcin: no longer just a fish tale. Vitam Horm 70: 105-135 
Gidday JM, Fitzgibbons JC, Shah AR, & Park TS (1994) Neuroprotection from ischemic brain injury 
by hypoxic preconditioning in the neonatal rat. Neurosci Lett 168: 221-224 
Gidday JM, Shah AR, Maceren RG, Wang Q, Pelligrino DA, Holtzman DM, & Park TS (1999) Nitric 
oxide mediates cerebral ischemic tolerance in a neonatal rat model of hypoxic preconditioning. J Cereb 
Blood Flow Metab 19: 331-340 
Glinn M, Ni B, Irwin RP, Kelley SW, Lin SZ, & Paul SM (1998) Inorganic Pi increases neuronal 
survival in the acute early phase following excitotoxic/oxidative insults. J Neurochem 70: 1850-1858 
Green H & Kehinde O (1979) Formation of normally differentiated subcutaneous fat pads by an 
established preadipose cell line. J Cell Physiol 101: 169-171 
Green H & Kehinde O (1975) An established preadipose cell line and its differentiation in culture. II. 
Factors affecting the adipose conversion. Cell 5: 19-27 
Greenberg AS, Egan JJ, Wek SA, Moos MC,Jr, Londos C, & Kimmel AR (1993) Isolation of cDNAs 
for perilipins A and B: sequence and expression of lipid droplet-associated proteins of adipocytes. Proc 
Natl Acad Sci U S A 90: 12035-12039 
Gregoire FM, Smas CM, & Sul HS (1998) Understanding adipocyte differentiation. Physiol Rev 78: 
783-809 
Grover GJ & Garlid KD (2000) ATP-Sensitive potassium channels: a review of their cardioprotective 
pharmacology. J Mol Cell Cardiol 32: 677-695 
Hanssen RG, Aarden EM, van der Venne WP, Pang PK, & Wendelaar Bonga SE (1991) Regulation of 
secretion of the teleost fish hormone stanniocalcin: effects of extracellular calcium. Gen Comp 
Endocrinol 84: 155-163 
Hanssen RG, Lafeber FP, Flik G, & Wendelaar Bonga SE (1989) Ionic and total calcium levels in the 
blood of the European eel (Anguilla anguilla): effects of stanniectomy and hypocalcin replacement 
therapy. J Exp Biol 141: 177-186 
Harkins JM, Moustaid-Moussa N, Chung Y-J, Penner KM, Pestka JJ, North CM & Claycombe KJ 
(2004) Expression of interleukin-6 is greater in preadipocytes than in adipocytes of 3T3-L1 cells and 
C57BL/6J and ob/ob mice. J Nutr 134: 2673-2677 
Hasilo CP, McCudden CR, Gillespie JR, James KA, Hirvi ER, Zaidi D, & Wagner GF (2005) Nuclear 
targeting of stanniocalcin to mammary gland alveolar cells during pregnancy and lactation. Am J 
Physiol Endocrinol Metab 289: E634-42 
Heinrich PC, Behrmann I, Haan S, Hermanns HM, Muller-Newen G, & Schaper F (2003) Principles of 
interleukin (IL)-6-type cytokine signalling and its regulation. Biochem J 374: 1-20 
Honda S, Kashiwagi M, Ookata K, Tojo A, & Hirose S (1999) Regulation by 1alpha,25-
dihydroxyvitamin D(3) of expression of stanniocalcin messages in the rat kidney and ovary. FEBS Lett
459: 119-122 
ImaiT, Koike K, Kubo T, Kikuchi T, Amano Y, Takagi M, Okumura N & Nakahata T (1991) 
Interleukin-6 supports human megakaryocytic proliferation and differentiation in vitro. Blood 78: 
1969-1974 
71
Ishibashi K & Imai M (2002) Prospect of a stanniocalcin endocrine/paracrine system in mammals. Am 
J Physiol Renal Physiol 282: F367-75 
Ishibashi K, Miyamoto K, Taketani Y, Morita K, Takeda E, Sasaki S, & Imai M (1998) Molecular 
cloning of a second human stanniocalcin homologue (STC2). Biochem Biophys Res Commun 250: 252-
258 
Ismail RS, Baldwin RL, Fang J, Browning D, Karlan BY, Gasson JC, & Chang DD (2000) Differential 
gene expression between normal and tumor-derived ovarian epithelial cells. Cancer Res 60: 6744-6749 
Iyer VR, Eisen MB, Ross DT, Schuler G, Moore T, Lee JC, Trent JM, Staudt LM, Hudson J,Jr, 
Boguski MS, Lashkari D, Shalon D, Botstein D, & Brown PO (1999) The transcriptional program in 
the response of human fibroblasts to serum. Science 283: 83-87 
James K, Seitelbach M, McCudden CR, & Wagner GF (2005) Evidence for stanniocalcin binding 
activity in mammalian blood and glomerular filtrate. Kidney Int 67: 477-482 
Jiang BH, Agani F, Passaniti A, & Semenza GL (1997) V-SRC induces expression of hypoxia-
inducible factor 1 (HIF-1) and transcription of genes encoding vascular endothelial growth factor and 
enolase 1: involvement of HIF-1 in tumor progression. Cancer Res 57: 5328-5335 
Jiang WQ, Chang AC, Satoh M, Furuichi Y, Tam PP, & Reddel RR (2000) The distribution of 
stanniocalcin 1 protein in fetal mouse tissues suggests a role in bone and muscle development. J 
Endocrinol 165: 457-466 
Kahn J, Mehraban F, Ingle G, Xin X, Bryant JE, Vehar G, Schoenfeld J, Grimaldi CJ, Peale F, 
Draksharapu A, Lewin DA, & Gerritsen ME (2000) Gene expression profiling in an in vitro model of 
angiogenesis. Am J Pathol 156: 1887-1900 
Kaluzhny Y, Yu G, Sun S, Toselli PA, Nieswandt B, Jackson CW, & Ravid K (2002) BclxL 
overexpression in megakaryocytes leads to impaired platelet fragmentation. Blood 100: 1670-1678 
Kamimura D, Ishihara K, & Hirano T (2003) IL-6 signal transduction and its physiological roles: the 
signal orchestration model. Rev Physiol Biochem Pharmacol 149: 1-38 
Kanellis J, Bick R, Garcia G, Truong L, Tsao CC, Etemadmoghadam D, Poindexter B, Feng L, 
Johnson RJ, & Sheikh-Hamad D (2004) Stanniocalcin-1, an inhibitor of macrophage chemotaxis and 
chemokinesis. Am J Physiol Renal Physiol 286: F356-62 
Kaspar BK, Frost LM, Christian L, Umapathi P, & Gage FH (2005) Synergy of insulin-like growth 
factor-1 and exercise in amyotrophic lateral sclerosis. Ann Neurol 57: 649-655 
Kato H, Liu Y, Araki T, & Kogure K (1992) MK-801, but not anisomycin, inhibits the induction of 
tolerance to ischemia in the gerbil hippocampus. Neurosci Lett 139: 118-121 
Kato H, Liu Y, Araki T, & Kogure K (1991) Temporal profile of the effects of pretreatment with brief 
cerebral ischemia on the neuronal damage following secondary ischemic insult in the gerbil: 
cumulative damage and protective effects. Brain Res 553: 238-242 
Keira, S.M., Ferreira, L.M., Gragnani, A., Duarte, I.S., Campaner, A.B. and Durão, M.S. (2004) 
Experimental model for establishment of hypoxia in 75 cm2 culture flasks. Acta Cir Bras 19:23-27
Kirino T, Tsujita Y, & Tamura A (1991) Induced tolerance to ischemia in gerbil hippocampal neurons. 
J Cereb Blood Flow Metab 11: 299-307 
Kitagawa K, Matsumoto M, Oda T, Niinobe M, Hata R, Handa N, Fukunaga R, Isaka Y, Kimura K, & 
Maeda H (1990a) Free radical generation during brief period of cerebral ischemia may trigger delayed 
neuronal death. Neuroscience 35: 551-558 
72
Kitagawa K, Matsumoto M, Tagaya M, Hata R, Ueda H, Niinobe M, Handa N, Fukunaga R, Kimura 
K, & Mikoshiba K (1990b) 'Ischemic tolerance' phenomenon found in the brain. Brain Res 528: 21-24 
Kuzuya T, Hoshida S, Yamashita N, Fuji H, Oe H, Hori M, Kamada T, & Tada M (1993) Delayed 
effects of sublethal ischemia on the acquisition of tolerance to ischemia. Circ Res 72: 1293-1299 
Lafeber FP & Perry SF (1988) Experimental hypercalcemia induces hypocalcin release and inhibits 
branchial Ca2+ influx in freshwater trout. Gen Comp Endocrinol 72: 136-143 
Lafeber FP, Schaefer HI, Herrmann-Erlee MP, & Wendelaar Bonga SE (1986) Parathyroid hormone-
like effects of rainbow trout Stannius products on bone resorption of embryonic mouse calvaria in 
vitro. Endocrinology 119: 2249-2255 
Lal A, Peters H, St Croix B, Haroon ZA, Dewhirst MW, Strausberg RL, Kaanders JH, van der Kogel 
AJ, & Riggins GJ (2001) Transcriptional response to hypoxia in human tumors. J Natl Cancer Inst 93: 
1337-1343 
Larson EB, Wang L, Bowen JD, McCormick WC, Teri L, Crane P, & Kukull W (2006) Exercise is 
associated with reduced risk for incident dementia among persons 65 years of age and older. Ann 
Intern Med 144: 73-81 
Lau LT & Yu AC (2001) Astrocytes produce and release interleukin-1, interleukin-6, tumor necrosis 
factor alpha and interferon-gamma following traumatic and metabolic injury. J Neurotrauma 18: 351-
359 
Lee HM, Wang C, Hu Z, Greeley GH, Makalowski W, Hellmich HL, & Englander EW (2002) 
Hypoxia induces mitochondrial DNA damage and stimulates expression of a DNA repair enzyme, the 
Escherichia coli MutY DNA glycosylase homolog (MYH), in vivo, in the rat brain. J Neurochem 80: 
928-937 
Liu D, Jia H, Holmes DI, Stannard A, & Zachary I (2003) Vascular endothelial growth factor-regulated 
gene expression in endothelial cells: KDR-mediated induction of Egr3 and the related nuclear receptors 
Nur77, Nurr1, and Nor1. Arterioscler Thromb Vasc Biol 23: 2002-2007 
Long MW, Heffner CH, Williams JL, Peters C & Prochownik EV (1990) Regulation of megakaryocyte 
phenotype in human erythroleukemia cells. J Clin Invest 85: 1072–1084 
Long Y, Zou L, Liu H, Lu H, Yuan X, Robertson CS, & Yang K (2003) Altered expression of 
randomly selected genes in mouse hippocampus after traumatic brain injury. J Neurosci Res 71: 710-
720 
Lopez E, Tisserand-Jochem EM, Eyquem A, Milet C, Hillyard C, Lallier F, Vidal B, & Mac Intyre I 
(1984) Immunocytochemical detection in eel corpuscles of Stannius of a mammalian parathyroid-like 
hormone. Gen Comp Endocrinol 53: 28-36 
Lu M, Wagner GF, & Renfro JL (1994) Stanniocalcin stimulates phosphate reabsorption by flounder 
renal proximal tubule in primary culture. Am J Physiol 267: R1356-62 
Luo CW, Kawamura K, Klein C, & Hsueh AJ (2004) Paracrine regulation of ovarian granulosa cell 
differentiation by stanniocalcin (STC) 1: mediation through specific STC1 receptors. Mol Endocrinol
18: 2085-2096 
Luo C-W, Pisarska M & Hsueh AJW (2004) Identification of a stanniocalcin paralog, stanniocalcin-2 
in fish and the paracrine actions of stanniocalcin-2 in the mammalian ovary. Endocrinol 146: 469-476 
Lust JA, Donovan KA, Kline MP, Greipp PR, Kyle RA, & Maihle NJ (1992) Isolation of an mRNA 
encoding a soluble form of the human interleukin-6 receptor. Cytokine 4: 96-100 
MacDougald OA & Lane MD (1995) Transcriptional regulation of gene expression during adipocyte 
differentiation. Annu Rev Biochem 64: 345-373 
73
Madsen KL, Tavernini MM, Yachimec C, Mendrick DL, Alfonso PJ, Buergin M, Olsen HS, 
Antonaccio MJ, Thomson AB, & Fedorak RN (1998) Stanniocalcin: a novel protein regulating calcium 
and phosphate transport across mammalian intestine. Am J Physiol 274: G96-102 
Maeda Y, Matsumoto M, Hori O, Kuwabara K, Ogawa S, Yan SD, Ohtsuki T, Kinoshita T, Kamada T, 
& Stern DM (1994) Hypoxia/reoxygenation-mediated induction of astrocyte interleukin 6: a paracrine 
mechanism potentially enhancing neuron survival. J Exp Med 180: 2297-2308 
Magun R, Gagnon A, Yaraghi Z, & Sorisky A (1998) Expression and regulation of neuronal apoptosis 
inhibitory protein during adipocyte differentiation. Diabetes 47: 1948-1952 
Marber MS, Latchman DS, Walker JM, & Yellon DM (1993) Cardiac stress protein elevation 24 hours 
after brief ischemia or heat stress is associated with resistance to myocardial infarction. Circulation 88: 
1264-1272 
Marra LE, Butler DG, Zhang DH, Oudit GY, & Youson JH (1998) Corpuscles of Stannius and 
stanniocalcin-like immunoreactivity in the white sucker (Catostomus commersoni): evidence for a new 
cell-type. Cell Tissue Res 293: 155-164 
Maxwell PH, Dachs GU, Gleadle JM, Nicholls LG, Harris AL, Stratford IJ, Hankinson O, Pugh CW, & 
Ratcliffe PJ (1997) Hypoxia-inducible factor-1 modulates gene expression in solid tumors and 
influences both angiogenesis and tumor growth. Proc Natl Acad Sci U S A 94: 8104-8109 
McCudden CR, James KA, Hasilo C, & Wagner GF (2002) Characterization of mammalian 
stanniocalcin receptors. Mitochondrial targeting of ligand and receptor for regulation of cellular 
metabolism. J Biol Chem 277: 45249-45258 
McCudden CR, Kogon MR, DiMattia GE, & Wagner GF (2001) Novel expression of the stanniocalcin 
gene in fish. J Endocrinol 171: 33-44 
McLaughlin B, Hartnett KA, Erhardt JA, Legos JJ, White RF, Barone FC, & Aizenman E (2003) 
Caspase 3 activation is essential for neuroprotection in preconditioning. Proc Natl Acad Sci U S A 100: 
715-720 
Mendonca Torres PM & de Araujo EG (2001) Interleukin-6 increases the survival of retinal ganglion 
cells in vitro. J Neuroimmunol 117: 43-50 
Milet,C., Buscaglia,M., Chartier,M.M., Martelly,E. and Lopez,E. (1984) Comparative effects of an 
extract of Anguilla Stannius corpuscles and of an active fragment of human parathyroid hormone (1-34 
hPTH) on an anuran batracian, Xenopus laevis. C R SeancesAcad Sci III 297: 33-36 
Miller BA, Perez RS, Shah AR, Gonzales ER, Park TS, & Gidday JM (2001) Cerebral protection by 
hypoxic preconditioning in a murine model of focal ischemia-reperfusion. Neuroreport 12: 1663-1669 
Minners J, Lacerda L, McCarthy J, Meiring JJ, Yellon DM, & Sack MN (2001) Ischemic and 
pharmacological preconditioning in Girardi cells and C2C12 myotubes induce mitochondrial 
uncoupling. Circ Res 89: 787-792 
Moolman JA, Genade S, Winterbach R, & Lochner A (1994) Preconditioning with hypoxia versus 
global ischemia in the isolated rat heart: effect on function and metabolism. Cardioscience 5: 73-80 
Moore EE, Kuestner RE, Conklin DC, Whitmore TE, Downey W, Buddle MM, Adams RL, Bell LA, 
Thompson DL, Wolf A, Chen L, Stamm MR, Grant FJ, Lok S, Ren H, & De Jongh KS (1999) 
Stanniocalcin 2: characterization of the protein and its localization to human pancreatic alpha cells. 
Horm Metab Res 31: 406-414 
Morrison RF & Farmer SR (1999) Role of PPARgamma in regulating a cascade expression of cyclin-
dependent kinase inhibitors, p18(INK4c) and p21(Waf1/Cip1), during adipogenesis. J Biol Chem 274: 
17088-17097 
74
Muller-Newen G, Kohne C, Keul R, Hemmann U, Muller-Esterl W, Wijdenes J, Brakenhoff JP, Hart 
MH, & Heinrich PC (1996) Purification and characterization of the soluble interleukin-6 receptor from 
human plasma and identification of an isoform generated through alternative splicing. Eur J Biochem
236: 837-842 
Muller-Newen G, Kuster A, Hemmann U, Keul R, Horsten U, Martens A, Graeve L, Wijdenes J, & 
Heinrich PC (1998) Soluble IL-6 receptor potentiates the antagonistic activity of soluble gp130 on IL-6 
responses. J Immunol 161: 6347-6355 
Murry CE, Jennings RB, & Reimer KA (1986) Preconditioning with ischemia: a delay of lethal cell 
injury in ischemic myocardium. Circulation 74: 1124-1136 
Neckar J, Papousek F, Novakova O, Ost'adal B, & Kolar F (2002a) Cardioprotective effects of chronic 
hypoxia and ischaemic preconditioning are not additive. Basic Res Cardiol 97: 161-167 
Neckar J, Szarszoi O, Koten L, Papousek F, Ost'adal B, Grover GJ, & Kolar F (2002b) Effects of 
mitochondrial K(ATP) modulators on cardioprotection induced by chronic high altitude hypoxia in 
rats. Cardiovasc Res 55: 567-575 
Okabe H, Satoh S, Kato T, Kitahara O, Yanagawa R, Yamaoka Y, Tsunoda T, Furukawa Y, & 
Nakamura Y (2001) Genome-wide analysis of gene expression in human hepatocellular carcinomas 
using cDNA microarray: identification of genes involved in viral carcinogenesis and tumor 
progression. Cancer Res 61: 2129-2137 
Olsen HS, Cepeda MA, Zhang QQ, Rosen CA, & Vozzolo BL (1996) Human stanniocalcin: a possible 
hormonal regulator of mineral metabolism. Proc Natl Acad Sci U S A 93: 1792-1796 
Ookata K, Tojo A, Onozato ML, Kashiwagi M, Honda S, & Hirose S (2001) Distribution of 
stanniocalcin 1 in rat kidney and its regulation by vitamin D3. Exp Nephrol 9: 428-435 
O'Rourke B (2000) Myocardial K(ATP) channels in preconditioning. Circ Res 87: 845-855 
O'Rourke JF, Dachs GU, Gleadle JM, Maxwell PH, Pugh CW, Stratford IJ, Wood SM, & Ratcliffe PJ 
(1997) Hypoxia response elements. Oncol Res 9: 327-332 
Ota A, Ikeda T, Abe K, Sameshima H, Xia XY, Xia YX, & Ikenoue T (1998) Hypoxic-ischemic 
tolerance phenomenon observed in neonatal rat brain. Am J Obstet Gynecol 179: 1075-1078 
Paciga M, Hirvi ER, James K, & Wagner GF (2005) Characterization of big stanniocalcin variants in 
mammalian adipocytes and adrenocortical cells. Am J Physiol Endocrinol Metab 289: E197-205 
Paciga M, McCudden CR, Londos C, DiMattia GE, & Wagner GF (2003) Targeting of big 
stanniocalcin and its receptor to lipid storage droplets of ovarian steroidogenic cells. J Biol Chem 278: 
49549-49554 
Paciga M, Watson AJ, DiMattia GE, & Wagner GF (2002) Ovarian stanniocalcin is structurally unique 
in mammals and its production and release are regulated through the luteinizing hormone receptor. 
Endocrinology 143: 3925-3934 
Pang L, Weiss MJ, & Poncz M (2005) Megakaryocyte biology and related disorders. J Clin Invest 115: 
3332-3338 
Peng YP, Qiu YH, Lu JH, & Wang JJ (2005) Interleukin-6 protects cultured cerebellar granule neurons 
against glutamate-induced neurotoxicity. Neurosci Lett 374: 192-196 
Penkowa M, Camats J, Hadberg H, Quintana A, Rojas S, Giralt M, Molinero A, Campbell IL, & 
Hidalgo J (2003) Astrocyte-targeted expression of interleukin-6 protects the central nervous system 
during neuroglial degeneration induced by 6-aminonicotinamide. J Neurosci Res 73: 481-496 
75
Penkowa M, Giralt M, Carrasco J, Hadberg H, & Hidalgo J (2000) Impaired inflammatory response 
and increased oxidative stress and neurodegeneration after brain injury in interleukin-6-deficient mice. 
Glia 32: 271-285 
Penkowa M, Giralt M, Lago N, Camats J, Carrasco J, Hernandez J, Molinero A, Campbell IL, & 
Hidalgo J (2003) Astrocyte-targeted expression of IL-6 protects the CNS against a focal brain injury. 
Exp Neurol 181: 130-148 
Penkowa M, Molinero A, Carrasco J, & Hidalgo J (2001) Interleukin-6 deficiency reduces the brain 
inflammatory response and increases oxidative stress and neurodegeneration after kainic acid-induced 
seizures. Neuroscience 102: 805-818 
Prass K, Scharff A, Ruscher K, Lowl D, Muselmann C, Victorov I, Kapinya K, Dirnagl U, & Meisel A 
(2003) Hypoxia-induced stroke tolerance in the mouse is mediated by erythropoietin. Stroke 34: 1981-
1986 
Radman DP, McCudden C, James K, Nemeth EM, & Wagner GF (2002) Evidence for calcium-sensing 
receptor mediated stanniocalcin secretion in fish. Mol Cell Endocrinol 186: 111-119 
Ran R, Xu H, Lu A, Bernaudin M, & Sharp FR (2005) Hypoxia preconditioning in the brain. Dev 
Neurosci 27: 87-92 
Ratcliffe PJ, O'Rourke JF, Maxwell PH, & Pugh CW (1998) Oxygen sensing, hypoxia-inducible 
factor-1 and the regulation of mammalian gene expression. J Exp Biol 201: 1153-1162 
Ravi R, Mookerjee B, Bhujwalla ZM, Sutter CH, Artemov D, Zeng Q, Dillehay LE, Madan A, 
Semenza GL, & Bedi A (2000) Regulation of tumor angiogenesis by p53-induced degradation of 
hypoxia-inducible factor 1alpha. Genes Dev 14: 34-44 
Rovio S, Kareholt I, Helkala EL, Viitanen M, Winblad B, Tuomilehto J, Soininen H, Nissinen A, & 
Kivipelto M (2005) Leisure-time physical activity at midlife and the risk of dementia and Alzheimer's 
disease. Lancet Neurol 4: 705-711 
Roy S, Khanna S, Kuhn DE, Rink C, Williams WT, Zweier JL, & Sen CK (2006) Transcriptome 
analysis of the ischemia-reperfused remodeling myocardium: temporal changes in inflammation and 
extracellular matrix. Physiol Genomics 25: 364-374 
Rutherford TR, Clegg JB, & Weatherall DJ (1979) K562 human leukaemic cells synthesise embryonic 
haemoglobin in response to haemin. Nature 280: 164-165 
Sack MN (2006) Mitochondrial depolarization and the role of uncoupling proteins in ischemia 
tolerance. Cardiovasc Res 72: 210-219 
Samoilov MO, Lazarevich EV, Semenov DG, Mokrushin AA, Tyul'kova EI, Romanovskii DY, 
Milyakova EA, & Dudkin KN (2003) The adaptive effects of hypoxic preconditioning of brain 
neurons. Neurosci Behav Physiol 33: 1-11 
Sato N, Kokame K, Shimokado K, Kato H, & Miyata T (1998) Changes of gene expression by 
lysophosphatidylcholine in vascular endothelial cells: 12 up-regulated distinct genes including 5 cell 
growth-related, 3 thrombosis-related, and 4 others. J Biochem (Tokyo) 123: 1119-1126 
Schwartz GN, Vance BA, Levine BM, Fukazawa M, Telford WG, Cesar D, Hellerstein M, & Gress RE 
(2003) Proliferation kinetics of subpopulations of human marrow cells determined by quantifying in 
vivo incorporation of [2H2]-glucose into DNA of S-phase cells. Blood 102: 2068-2073 
Semenza GL (2000) HIF-1: mediator of physiological and pathophysiological responses to hypoxia. J 
Appl Physiol 88: 1474-1480 
76
Semenza GL, Jiang BH, Leung SW, Passantino R, Concordet JP, Maire P, & Giallongo A (1996) 
Hypoxia response elements in the aldolase A, enolase 1, and lactate dehydrogenase A gene promoters 
contain essential binding sites for hypoxia-inducible factor 1. J Biol Chem 271: 32529-32537 
Serlachius M, Zhang KZ & Andersson LC (2004) Stanniocalcin in terminally differentiated 
mammalian cells. Peptides 25: 1657-1662
Shao D & Lazar MA (1997) Peroxisome proliferator activated receptor gamma, CCAAT/enhancer-
binding protein alpha, and cell cycle status regulate the commitment to adipocyte differentiation. J Biol 
Chem 272: 21473-21478 
Sharp FR & Bernaudin M (2004) HIF1 and oxygen sensing in the brain. Nat Rev Neurosci 5: 437-448 
Sharp FR, Massa SM, & Swanson RA (1999) Heat-shock protein protection. Trends Neurosci 22: 97-
99 
Sheikh-Hamad D, Bick R, Wu GY, Christensen BM, Razeghi P, Poindexter B, Taegtmeyer H, 
Wamsley A, Padda R, Entman M, Nielsen S, & Youker K (2003) Stanniocalcin-1 is a naturally 
occurring L-channel inhibitor in cardiomyocytes: relevance to human heart failure. Am J Physiol Heart 
Circ Physiol 285: H442-448 
Sheikh-Hamad D, Rouse D, & Yang Y (2000) Regulation of stanniocalcin in MDCK cells by 
hypertonicity and extracellular calcium. Am J Physiol Renal Physiol 278: F417-424 
Shimizu S, Nagayama T, Jin KL, Zhu L, Loeffert JE, Watkins SC, Graham SH, & Simon RP (2001) 
bcl-2 Antisense treatment prevents induction of tolerance to focal ischemia in the rat brain. J Cereb 
Blood Flow Metab 21: 233-243 
Simons M, Beinroth S, Gleichmann M, Liston P, Korneluk RG, MacKenzie AE, Bahr M, Klockgether 
T, Robertson GS, Weller M, & Schulz JB (1999) Adenovirus-mediated gene transfer of inhibitors of 
apoptosis protein delays apoptosis in cerebellar granule neurons. J Neurochem 72: 292-301 
Smart N, Mojet MH, Latchman DS, Marber MS, Duchen MR, & Heads RJ (2006) IL-6 induces PI 3-
kinase and nitric oxide-dependent protection and preserves mitochondrial function in cardiomyocytes. 
Cardiovasc Res 69: 164-177 
Sorisky A, Magun R, & Gagnon AM (2000) Adipose cell apoptosis: death in the energy depot. Int J 
Obes Relat Metab Disord 24 Suppl 4: S3-7 
Spiegelman BM, Choy L, Hotamisligil GS, Graves RA, & Tontonoz P (1993) Regulation of adipocyte 
gene expression in differentiation and syndromes of obesity/diabetes. J Biol Chem 268: 6823-6826 
Srivastav AK, Flik G, & Wendelaar Bonga SE (1998) Plasma calcium and stanniocalcin levels of male 
tilapia, Oreochromis mossambicus, fed calcium-deficient food and treated with 1,25 dihydroxyvitamin 
D3. Gen Comp Endocrinol 110: 290-294 
Srivastav AK & Swarup K (1982) Calcemic responses of Stannius corpuscle extract in parrots 
Psittacula psittacula. Experientia 38: 869-870 
Srivastav SP, Swarup K, & Srivastav AK (1985) Structure and behaviour of Stannius corpuscles in 
relation to vitamin D3 induced hypercalcemia in male Clarias batrachus. Cell Mol Biol 31: 1-5 
Stannius H (1839) Nebennieren bei knochenfischen. Arch Anat Physiol 6: 97-101 
Stasko SE & Wagner GF (2001) Stanniocalcin gene expression during mouse urogenital development: 
a possible role in mesenchymal-epithelial signalling. Dev Dyn 220: 49-59 
77
Suematsu S, Matsuda T, Aozasa K, Akira S, Nakano N, Ohno S, Miyazaki JI, Yamamura K, Hirano T 
& Kishimoto T (1989) IgGl plasmocytosis in interleukin 6 transgenic mice. Proc Natl Acad Sci U S A 
86: 7547-7551 
Sundell K, Björnsson BT, Itoh H, & Kawauchi H (1992) Chum salmon (Oncorhynchus keta) 
stanniocalcin inhibits in vitro intestinal calcium uptake in Atlantic cod (Gadus morhua). J Comp 
Physiol [B] 162: 489-495 
Sutherland GR & Richards RI (1995) Simple tandem DNA repeats and human genetic disease. Proc 
Natl Acad Sci U S A 92: 3636-3641 
Tajima M, Katayose D, Bessho M, & Isoyama S (1994) Acute ischaemic preconditioning and chronic 
hypoxia independently increase myocardial tolerance to ischaemia. Cardiovasc Res 28: 312-319 
Takagi,Y., Nakamura,Y. and Yamada,J. (1985) Effects of the removal of the corpuscles of Stannius on 
the transport of calcium across the intestine of rainbow trout. Zool Sci 2: 523-530 
Teplova V, Jääskeläinen E, Salkinoja-Salonen M, Saris NE, Serlachius M, Li FY, & Andersson LC 
(2004) Differentiated Paju cells have increased resistance to toxic effects of potassium ionophores. 
Acta Biochim Pol 51: 539-544 
Trendelenburg G, Prass K, Priller J, Kapinya K, Polley A, Muselmann C, Ruscher K, Kannbley U, 
Schmitt AO, Castell S, Wiegand F, Meisel A, Rosenthal A, & Dirnagl U (2002) Serial analysis of gene 
expression identifies metallothionein-II as major neuroprotective gene in mouse focal cerebral 
ischemia. J Neurosci 22: 5879-5888 
van der Heijden AJ, Verbost PM, Bijvelds MJ, Atsma W, Wendelaar Bonga SE, & Flik G (1999) 
Effects of sea water and stanniectomy on branchial Ca(2+) handling and drinking rate in eel (Anguilla 
anguilla L.). J Exp Biol 202: 2505-2511 
Van Wagoner NJ & Benveniste EN (1999) Interleukin-6 expression and regulation in astrocytes. J 
Neuroimmunol 100: 124-139 
Vannucci RC, Towfighi J, & Vannucci SJ (1998) Hypoxic preconditioning and hypoxic-ischemic brain 
damage in the immature rat: pathologic and metabolic correlates. J Neurochem 71: 1215-1220 
Varghese R, Gagliardi AD, Bialek PE, Yee SP, Wagner GF, & Dimattia GE (2002) Overexpression of 
human stanniocalcin affects growth and reproduction in transgenic mice. Endocrinology 143: 868-876 
Varghese R, Wong CK, Deol H, Wagner GF, & DiMattia GE (1998) Comparative analysis of 
mammalian stanniocalcin genes. Endocrinology 139: 4714-4725 
Vaux EC, Metzen E, Yeates KM, & Ratcliffe PJ (2001) Regulation of hypoxia-inducible factor is 
preserved in the absence of a functioning mitochondrial respiratory chain. Blood 98: 296-302 
Vicennati V, Vottero A, Friedman C & Papanicolaou DA (2002) Hormonal regulation of interleukin-6 
production in human adipocytes. Int J Obesity 26: 905-911 
Vincent S (1898) The effects of extirpation of the suprarenal bodies of t he eel (Anguilla anguilla). 
Proc Roy Soc London 62: 354-356 
Vitrat N, Cohen-Solal K, Pique C, Le Couedic JP, Norol F, Larsen AK, Katz A, Vainchenker W, & 
Debili N (1998) Endomitosis of human megakaryocytes are due to abortive mitosis. Blood 91: 3711-
3723 
Wagner GF, Fenwick JC, Park CM, Milliken C, Copp DH, & Friesen HG (1988) Comparative 
biochemistry and physiology of teleocalcin from sockeye and coho salmon. Gen Comp Endocrinol 72: 
237-246 
78
Wagner GF, Guiraudon CC, Milliken C, & Copp DH (1995) Immunological and biological evidence 
for a stanniocalcin-like hormone in human kidney. Proc Natl Acad Sci U S A 92: 1871-1875 
Wagner GF, Jaworski EM, & Haddad M (1998) Stanniocalcin in the seawater salmon: structure, 
function, and regulation. Am J Physiol 274: R1177-85 
Wagner GF, Vozzolo BL, Jaworski E, Haddad M, Kline RL, Olsen HS, Rosen CA, Davidson MB, & 
Renfro JL (1997) Human stanniocalcin inhibits renal phosphate excretion in the rat. J Bone Miner Res
12: 165-171 
Wang G, Hazra TK, Mitra S, Lee HM, & Englander EW (2000) Mitochondrial DNA damage and a 
hypoxic response are induced by CoCl(2) in rat neuronal PC12 cells. Nucleic Acids Res 28: 2135-2140 
Warren ST (1996) The expanding world of trinucleotide repeats. Science 271: 1374-1375 
Wary KK, Thakker GD, Humtsoe JO, & Yang J (2003) Analysis of VEGF-responsive genes involved 
in the activation of endothelial cells. Mol Cancer 2: 1-12 
Wascher RA, Huynh KT, Giuliano AE, Hansen NM, Singer FR, Elashoff D, & Hoon DS (2003) 
Stanniocalcin-1: a novel molecular blood and bone marrow marker for human breast cancer. Clin 
Cancer Res 9: 1427-1435 
Welcsh PL, Lee MK, Gonzalez-Hernandez RM, Black DJ, Mahadevappa M, Swisher EM, Warrington 
JA, & King MC (2002) BRCA1 transcriptionally regulates genes involved in breast tumorigenesis. 
Proc Natl Acad Sci U S A 99: 7560-7565 
Whalen AM, Galasinski SC, Shapiro PS, Nahreini TS & Ahn NG (1997) Megakaryocytic 
differentiation induced by constitutive activation of mitogen-activated protein kinase kinase. Mol Cell 
Biol 17: 1947-1958 
White KE, Biber J, Murer H, & Econs MJ (1998) Chromosomal localization of two human genes 
involved in phosphate homeostasis: the type IIb sodium-phosphate cotransporter and stanniocalcin-2. 
Somat Cell Mol Genet 24: 357-362 
Wick A, Wick W, Waltenberger J, Weller M, Dichgans J, & Schulz JB (2002) Neuroprotection by 
hypoxic preconditioning requires sequential activation of vascular endothelial growth factor receptor 
and Akt. J Neurosci 22: 6401-6407 
Wong CK, Ho MA, & Wagner GF (1998) The co-localization of stanniocalcin protein, mRNA and 
kidney cell markers in the rat kidney. J Endocrinol 158: 183-189 
Wu S, Yoshiko Y, & De Luca F (2006) Stanniocalcin 1 acts as a paracrine regulator of growth plate 
chondrogenesis. J Biol Chem 281: 5120-5127 
Wu Z, Xie Y, Bucher NL, & Farmer SR (1995) Conditional ectopic expression of C/EBP beta in NIH-
3T3 cells induces PPAR gamma and stimulates adipogenesis. Genes Dev 9: 2350-2363 
Xiao LJ, Yuan JX, Song XX, Li YC, Hu ZY, & Liu YX (2006) Expression and regulation of 
stanniocalcin 1 and 2 in rat uterus during embryo implantation and decidualization. Reproduction 131: 
1137-1149 
Xu DG, Crocker SJ, Doucet JP, St-Jean M, Tamai K, Hakim AM, Ikeda JE, Liston P, Thompson CS, 
Korneluk RG, MacKenzie A, & Robertson GS (1997) Elevation of neuronal expression of NAIP 
reduces ischemic damage in the rat hippocampus. Nat Med 3: 997-1004 
Yamashita T, Sawamoto K, Suzuki S, Suzuki N, Adachi K, Kawase T, Mihara M, Ohsugi Y, Abe K, & 
Okano H (2005) Blockade of interleukin-6 signaling aggravates ischemic cerebral damage in mice: 
possible involvement of Stat3 activation in the protection of neurons. J Neurochem 94: 459-468 
79
Yamauchi-Takihara K, Ihara Y, Ogata A, Yoshizaki K, Azuma J, & Kishimoto T (1995) Hypoxic 
stress induces cardiac myocyte-derived interleukin-6. Circulation 91: 1520-1524 
Yan SF, Fujita T, Lu J, Okada K, Shan Zou Y, Mackman N, Pinsky DJ, & Stern DM (2000) Egr-1, a 
master switch coordinating upregulation of divergent gene families underlying ischemic stress. Nat 
Med 6: 1355-1361 
Yan SF, Tritto I, Pinsky D, Liao H, Huang J, Fuller G, Brett J, May L, & Stern D (1995) Induction of 
interleukin 6 (IL-6) by hypoxia in vascular cells. Central role of the binding site for nuclear factor-IL-6. 
J Biol Chem 270: 11463-11471 
Yeung HY, Lai KP, Chan HY, Mak NK, Wagner GF, & Wong CK (2005) Hypoxia-inducible factor-1-
mediated activation of stanniocalcin-1 in human cancer cells. Endocrinology 146: 4951-4960 
Yoshiko Y, Aubin JE, & Maeda N (2002) Stanniocalcin 1 (STC1) protein and mRNA are 
developmentally regulated during embryonic mouse osteogenesis: the potential of stc1 as an 
autocrine/paracrine factor for osteoblast development and bone formation. J Histochem Cytochem 50: 
483-492 
Yoshiko Y, Maeda N, & Aubin JE (2003) Stanniocalcin 1 stimulates osteoblast differentiation in rat 
calvaria cell cultures. Endocrinology 144: 4134-4143 
Yoshiko Y, Son A, Maeda S, Igarashi A, Takano S, Hu J, & Maeda N (1999) Evidence for 
stanniocalcin gene expression in mammalian bone. Endocrinology 140: 1869-1874 
Yue Y, Qin Q, Cohen MV, Downey JM, & Critz SD (2002) The relative order of mK(ATP) channels, 
free radicals and p38 MAPK in preconditioning's protective pathway in rat heart. Cardiovasc Res 55: 
681-689 
Zauli G & Catani L (1995) Human megakaryocyte biology and pathophysiology.Crit Rev Oncol Hemat
21: 135-157 
Zhang K, Lindsberg PJ, Tatlisumak T, Kaste M, Olsen HS, & Andersson LC (2000) Stanniocalcin: A 
molecular guard of neurons during cerebral ischemia. Proc Natl Acad Sci U S A 97: 3637-3642 
Zhang KZ, Westberg JA, Hölttä E, & Andersson LC (1996) BCL2 regulates neural differentiation. 
Proc Natl Acad Sci U S A 93: 4504-4508 
Zhang KZ, Westberg JA, Paetau A, von Boguslawsky K, Lindsberg P, Erlander M, Guo H, Su J, Olsen 
HS, & Andersson LC (1998) High expression of stanniocalcin in differentiated brain neurons. Am J 
Pathol 153: 439-445 
Zhong N, Zhang Y, Zhu HF, Wang JC, Fang QZ, & Zhou ZN (2002) Myocardial capillary 
angiogenesis and coronary flow in ischemia tolerance rat by adaptation to intermittent high altitude 
hypoxia. Acta Pharmacol Sin 23: 305-310 
Zlot C, Ingle G, Hongo J, Yang S, Sheng Z, Schwall R, Paoni N, Wang F, Peale FV,Jr, & Gerritsen 
ME (2003) Stanniocalcin 1 is an autocrine modulator of endothelial angiogenic responses to hepatocyte 
growth factor. J Biol Chem 278: 47654-47659 
80
